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Abstract

The United States transportation industry is predicted to consume approximately 13 million
barrels of liquid fuel per day by 2025. If one percent of the fuel energy were salvaged
through waste heat recovery, there would be a reduction of 130 thousand barrels of liquid
fuel per day. This dissertation focuses on automotive waste heat recovery techniques with
an emphasis on two novel techniques.

The first technique investigated was a combination coolant and exhaust-based Rankine
cycle system, which utilized a patented piston-in-piston engine technology. The research
scope included a simulation of the maximum mass flow rate of steam (700 K and 5.5 MPa)
from two heat exchangers, the potential power generation from the secondary piston steam
chambers, and the resulting steam quality within the steam chamber. The secondary piston
chamber provided supplemental steam power strokes during the engine’s compression and
exhaust strokes to reduce the pumping work of the engine. A Class-8 diesel engine,
operating at 1, 500 RPM at full load, had a maximum increase in the brake fuel conversion
efficiency of 3.1%.

The second technique investigated the implementation of thermoelectric generators on the
outer cylinder walls of a liquid-cooled internal combustion engine. The research scope
focused on the energy generation, fuel energy distribution, and cylinder wall temperatures.

xxxv

The analysis was conducted over a range of engine speeds and loads in a two cylinder,
19.4 kW , liquid-cooled, spark-ignition engine. The cylinder wall temperatures increased
by 17% to 44% which correlated well to the 4.3% to 9.5% decrease in coolant heat
transfer. Only 23.3% to 28.2% of the heat transfer to the coolant was transferred through
the TEG and TEG surrogate material. The gross indicated work decreased by 0.4% to
1.0%. The exhaust gas energy decreased by 0.8% to 5.9%. Due to coolant contamination,
the TEG output was not able to be obtained. TEG output was predicted from cylinder wall
temperatures and manufacturer documentation, which was less than 0.1% of the cumulative
heat release. Higher TEG conversion efficiencies, combined with greater control of heat
transfer paths, would be needed to improve energy output and make this a viable waste heat
recovery technique.
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Chapter 1

Introduction

1.1

Fuel Usage and CAFE Standards

Fossil fuels, which includes coal, natural gas, and petroleum, accounted for approximately
95.5% of the primary sources of energy for transportation in the United States in 2011 [1].
The estimated yearly amount of gasoline and diesel fuel consumed in the United States
from 1992 to 2011, as seen in Figure 1.1, indicates that even minor improvements in vehicle
fuel economy have the potential to save significant quantities of fossil fuels. The U.S.
Energy Information Administration (EIA) has projected that liquid fuels consumption for
transportation will stabilize around 13 million barrels per day in the United States from
2025 to 2040, seen in Figure 1.2(a) and the average annual world oil price will reach 162
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dollars per barrel by 2040, seen in Figure 1.2(b). The combination of the projected increase
in fuel consumption and cost is a cause for concern. This will lead to a faster depletion of
non-renewable fossil fuels and an increase in the financial strain on the economy.

Figure 1.1: The estimated yearly consumption of common fuels in the
United States. Gasoline consumption includes ethanol in gasohol and
Methyl Tertiary Butyl Ether (MTBE). Diesel includes biodiesel. [1, 2, 3,
4, 5, 6]

(a) United States liquid fuels consumption by (b) Average annual world oil prices from 1990 −
sector, 1990 − 2040, in million barrels per day
2011 and three predictive cases from 2011 − 2040
(2011 dollars per barrel)

Figure 1.2: The trends and projections of the United States liquid fuel
consumptions and the world oil prices [1]

2

The United States Congress in 1975, in an attempt to address the issue of fuel usage, created
the Corporate Average Fuel Economy (CAFE). The mission statement of the CAFE is
to reduce the United States energy consumption by increasing the fuel economy of cars
and light trucks (less than 8, 500 lbs) that are sold within the United States. The mission
is implemented by the National Highway Traffic Safety Administration (NHTSA) which
is responsible for setting the fuel economy standards and the Environmental Protection
Agency (EPA) which calculates the average fuel economy for each manufacturer. Between
the year 2012 and 2016, the CAFE standards for fuel economy and CO2 will become
increasingly strict, as seen in Table 1.1.

The internal combustion (IC) engine converts approximately one third of the chemical
energy in fuel to mechanical work. This fuel conversion efficiency (η f ) is calculated
with Equation (1.1), where P is power, ṁ f is the mass flow rate of fuel, and QLHV is
the lower heating value of fuel. To help achieve the CAFE standards, there is continuous
research to improve the overall fuel conversion efficiency in a number of different
areas including friction reduction [7, 8, 9], volumetric efficiency (ηv ) improvements
[10, 11, 12, 13], advanced combustion systems [14, 15, 16, 17, 18], and waste heat recovery
(WHR) [19, 20, 21, 22]. By increasing the fuel conversion efficiency and meeting the
CAFE standards, the depletion of the global fuel supply could be decelerated and the fuel
expenditure by the end user could be decreased.
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Table 1.1
NHTSA CAFE standards and EPA CO2 equivalent emissions standard
from 2012 − 2016 [23]
Model Year Passenger Car Light Truck Combined
NHTSA CAFE standard (miles per gallon)
2012
33.3
25.4
29.7
2013
34.2
26.0
30.5
2014
34.9
26.6
31.5
2015
36.2
27.5
32.6
2016
37.5
28.8
34.1
EPA CO2 -equivalent emissions standard (grams per mile)
2012
263
346
295
2013
256
337
286
2014
247
326
276
2015
236
312
263
2016
225
298
250
ηf

1.2

=

P
ṁ f ∗ QLHV

(1.1)

Dissertation Aim and Motivation

This dissertation focused on the potential energy recovery, engineering challenges, and the
new advancements in automotive waste heat recovery methods. This was accomplished
through three main goals.

The first goal was to clearly define current waste heat

recovery techniques using Rankine cycles and thermoelectric generators while building an
understanding of the engineering obstacles that are hindering their widespread application.
The second goal explored the potential of harnessing the coolant and exhaust energy stream
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for a unique Rankine cycle design while the third goal explores the effects of utilizing
thermoelectric generators within the coolant energy stream.

The United States transportation industry is predicted to consume approximately 13 million
barrels of liquid fuel per day by 2025, shown in Figure 1.2(a). Considering that the IC
engine converts more of the chemical fuel energy into heat than mechanical energy, the
ability to recover this heat energy and convert it into useable mechanical or electrical
energy would be valuable. If one percent of the fuel energy is salvaged through waste
heat recovery, there would be a reduction of 130 thousand barrels of liquid fuel per day
from the predicted 2025 transportation industry fuel consumption. That would be a savings
of approximately 47 million barrels of liquid fuel per year!

1.3

Organization of Dissertation

This dissertation is comprised of journal articles that are either published or are in the
process of being reviewed. Each of the following chapters were used to satisfy the
dissertation aim by accomplishing all three of the dissertation goals. The description of
each of the chapters along with the chapter objectives are described below:

The objective of Chapter 2 is a literature review that provides a thorough overview of the
automotive waste heat recovery techniques using thermoelectric generators and Rankine
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cycles. There are a number of engineering obstacles hindering these fuel saving techniques
which are evaluated. This chapter also highlights recent advancements in these fields that
do address the engineering challenges.

The objective of Chapter 3 is to quantify the potential improvement in vehicle fuel
economy with a coolant and exhaust-based Rankine cycle which utilized a recently patented
piston-in-piston engine technology, shown in Figure 1.3. Two GT-Power (from Gamma
Technologies) simulations were used to evaluate this WHR technique. The first simulation
recreated a representative version of a Caterpillar Inc. C-13 on-highway diesel engine
with ACERT Technology. This simulation determined the operational characteristics
of the engine’s power distribution (thermal and mechanical) as well as exhaust gas
characteristics (temperature, mass flow rate, and specific heat). The second GT-Power
simulation investigated a steam chamber, which was designed with the calculated values
of the maximum mass and volumetric flow rate of the working fluid (steam) which had a
temperature of 700 K and a pressure of 5.5 MPa. This steam chamber had power strokes
during the engine’s compression and exhaust strokes to reduce the pumping work of the
C-13 engine. The hypotheses of this research project was that there would be enough
steam generation that all six cylinders of the C-13 diesel engine could be equipped with a
secondary steam chamber and that fuel conversion efficiency would increase by 2.0%.

The objective of Chapter 4 was to investigate the impact of implementing thermoelectric
generators (TEG) on the outer cylinder walls of a liquid-cooled internal combustion engine.
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Figure 1.3: Schematic of the waste heat recovery piston in piston design
The research scope focused on the empirical trends in TEG power generation, fuel energy
distribution, and cylinder wall temperatures with the addition of the TEG / TEG surrogate
material over a range of engine speeds and loads utilizing a 19.4 kW liquid-cooled spark
ignition engine. One 30 mm x 30 mm TEG was installed on each cylinder and a TEG
surrogate material (similar thermal resistance) covered the remaining cylinder surface area.
With the increased cylinder wall temperatures from the TEG/surrogate insulating effect,
an engine oil analysis was performed to assess the effects of increased cylinder wall
temperature on oil quality and potential degradation. A model of the engine block with
the TEG and TEG surrogate installed in the water-jacket is shown in 1.4(a) and 1.4(b).
The installation location of the TEG was identical for both cylinders. The electrical power
generated from the TEGs was scaled to simulate the effect of covering the entire cylinder
surface with TEGs. The hypotheses of this research was that the fuel conversion efficiency
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will improve by 0.5% and that the majority of the displaced cylinder wall heat transfer will
be expelled through the exhaust system.

(a) Top view

(b) Isometric view

Figure 1.4: Engine block water-jacket with the TEG (magenta) and the
TEG surrogate material (orange) installed.
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Chapter 2

Waste Heat Recovery Background

This chapter was originally published in the ASME 2010 Internal Combustion Engine
Division Fall Technical Conference [24]. The manuscript was submitted and accepted
in 2013 to the Journal of Thermal Science and Engineering Application. It is an overview
of automotive-based waste heat recovery techniques which were primarily focused on the
use of thermoelectric generators and Rankine cycles. While both of these waste heat
recovery techniques have potential, there are several engineering complications that need
to be addressed. The end of this chapter also emphasizes recent advancements in these
technologies which concentrate on the engineering challenges. 1

1 The

material contained in this chapter been accepted for publication in the Journal of Thermal Science and
Engineering Applications.
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2.1

Scott A. Miers
Michigan Technological University
Houghton, Michigan, USA

Abstract

The demand for more fuel efficient vehicles has been growing steadily and will only
continue to increase given the volatility in the commodities market for petroleum resources.
The internal combustion engine utilizes approximately one third of the chemical energy
released during combustion. The remaining two-thirds are rejected from the engine via
the cooling and exhaust systems. Significant improvements in fuel conversion efficiency
are possible through the capture and conversion of these waste energy streams. Promising
waste heat recovery techniques include turbocharging, turbo compounding, Rankine engine
compounding, and thermoelectric generators. These techniques have shown increases in
10

engine thermal efficiencies that range from 2% to 20%, depending on system design,
quality of energy recovery, component efficiency, and implementation. The purpose of
this paper is to provide a broad review of the advancements in the waste heat recovery
methods; thermoelectric generators and Rankine cycles for electricity generation, which
have occurred over the past 10 years as these two techniques have been at the forefront
of current research for their untapped potential. The various mechanisms and techniques,
including thermodynamic analysis, employed in the design of a waste heat recovery system
are discussed.

2.2

Introduction

The internal combustion (IC) engine is approximately one third efficient at converting the
energy in fuel to mechanical work. The remaining energy is lost through waste heat that is
predominantly rejected from the engine through the cooling and exhausts systems [25]. To
improve the fuel economy in automobiles with IC engines, various techniques to recover
this waste heat energy are being investigated. Two of the most promising techniques that
will be discussed in this paper are thermoelectric generators and the Rankine cycle.

Depending on operating conditions, engine type, and location of the temperature
measurement, exhaust gas temperatures average between 500°C and 600°C, with maximum
values up to 1000°C [25, 26, 27, 28] while the coolant fluid temperatures range between
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100 and 130°C [25, 29]. The heat energy found in the exhaust ranges from 4.6 to 120 kW
and from 9 to 48 kW for the coolant system. An illustration of the heat balance of a 1.4
liter gasoline engine at two operating conditions can be seen in Figure 2.1 while a graph
showing exhaust gas temperatures over different engine speeds and torque from a four
cylinder gasoline engine can be seen in Figure 2.2. [25]

Figure 2.1: Heat balance of a 1.4 liter spark ignition internal combustion
engine. Reprinted with permission from SAE Paper No. 2005-01-1171 ©
2005 SAE International. [25]

Figure 2.2: Exhaust gas temperatures from a four cylinder gasoline engine
with stoichiometric combustion. Reprinted with permission from SAE
Paper No. 2009-01-0174 © 2009 SAE International. [20]
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The Carnot cycle, that takes into account the average exhaust gas/coolant fluid temperatures
with ambient air temperatures, states that the maximum amount of energy that ideally can
be recovered ranges from 1.7 to 45 kW for the exhaust and from 0.9 to 4.8 kW for the
coolant system [25].

The recovered exergy or, available useful energy, can be recycled back into the vehicle
system either mechanically or electrically.

This paper will focus on the use of

thermoelectric generators and Rankine cycles as waste heat recovery (WHR) systems that
generate electricity. It has been estimated that a WHR system that produces 1.3 kW of
electricity can replace the alternator of a small passenger vehicle [30]. Reduction of the
engine’s mechanical load needed to operate the alternator would result in an increase in
vehicle fuel economy. The potential energy that could be recovered would indicate that the
net fuel consumption of hybrid vehicles can be improved by as much as 32% [25].

A 2.0 liter midsize production vehicle was tested on a chassis dynamometer by Mori, et
al. [31]. Figure 2.3 shows the proof of concept of supplying external electric power to the
electrical system over three different driving cycles. The improvement in fuel economy
could exceed 15% for certain cases. The improvement in the fuel economy was the direct
result of supplementing the electrical load on the engine from the alternator and thus
reducing the mechanical load on the engine.

13

Figure 2.3: Effect of external electric power supplied to a 2.0 liter midsize
production vehicle. Reprinted with permission from SAE Paper No.
2009-01-0170 © 2009 SAE International. [31]

2.3

2.3.1

Background

Thermoelectric Principles

Thermoelectric systems are solid state devices that can be used in two basic modes based
on either the Peltier effect or the Seebeck effect [32], shown in Figure 2.4. The mode that
uses the Peltier effect has current going through the TE (thermoelectric) module which
causes absorption of heat on one side of the device and an expulsion of heat on the other.
The mode that uses the Seebeck effect has a temperature gradient across a TE module that
causes the TE module to generate an electric current. Thermoelectric (TE) modules are
made from alternating elements of n-type (negative) and p-type (positive) semiconductors
connected electrically in series and thermally in parallel [33]. This can be seen in Figure 2.5

14

and Figure 2.6.

Figure 2.4: Schematic of a TE system demonstrating the Seebeck and
Peltier effect [32]

Figure 2.5: Schematic showing cross-section of a typical multi-couple
thermo-electric module. Reprinted with permission from SAE Paper No.
2009-01-1333 © 2009 SAE International. [30]

Figure 2.6: Electrical and thermal conduction paths of a multi-couple
thermo-electric module. Reprinted with permission from SAE Paper No.
2009-01-1333 © 2009 SAE International. [30]

To measure the efficiencies of these TE modules to generate electricity, a term is defined
called the dimensionless figure of merit (ZT) [34]. The equation to calculate the ZT
value can be found in Eq. (2.1). Where S is the Seebeck coefficient, σ is the electrical
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conductivity, T is the average operating temperature, and κ is the thermal conductivity.

ZT

=

S2 ∗ σ ∗ T
κ

(2.1)

The current value of ZT for TE systems is around 1.0. To be competitive with current
mechanical recovery systems, such as turbochargers, the ZT value for TE systems needs to
be around 34 [34]. It should be noted that Srinivasan and Praslad [35] have stated that the
ZT needs to be equal to or greater than 8 to compete with conventional electricity generators
or vapor compression refrigerators. Although these levels of ZT are not available at this
time, lab studies of TE systems that use new materials have been recording ZT values
that have exceeded 2 with evidence that it could be improved with additional research. It
was estimated in 2008 by Heading, et al. [33] that higher efficiency TE systems will be
commercially available within the next five to ten years. This rapid advancement of TE
materials that has increased the ZT for operation around 500°C has made thermoelectric
generators (TEG) good candidates for waste heat recovery for automotive purposes [33].

The thermal efficiency of any exhaust-based TEG is controlled by four main factors; heat
exchanger geometry, heat exchanger materials, the installation site of the exhaust-based
TEG, and the coolant system of the exhaust-based TEG [36].
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2.3.2

Rankine Cycle Principles

The Rankine cycle is a thermodynamic cycle dedicated to generate mechanical work from
heat. This mechanical work can be converted into electrical energy [25].

Figure 2.7: Rankine cycle system and its ideal - actual cycle. Reprinted
with permission from SAE Paper No. 2005-01-1171 © 2005 SAE
International. [25]

The ideal Rankine cycle, seen in Figure 2.7, consists of the following processes: [25]
1 − 2: compression of a working fluid in a pump
2 − 3: constant pressure heat addition in a boiler
3 − 4: isentropic expansion through a turbine
4 − 1: constant pressure heat rejection in a condenser

Irreversibilities, such as fluid friction and heat transfer, contribute to differences between
17

the actual cycle efficiency and the ideal Rankine cycle prediction.

The choice of the working fluid in the Rankine cycle for automotive WHR systems
is important. The use of water as the working fluid becomes inefficient for WHR at
temperatures below 370°C [37, 38]. The use of an organic fluid instead of water to recover
heat energy at temperatures below 370°C increases the Rankine cycle efficiency [37,
38, 39]. A graph of efficiencies of numerous working fluids over a range of the inlet
temperature of the turbine can be seen in Figure 2.8. A Rankine cycle that utilizes organic
fluid is termed an Organic Rankine Cycle (ORC). The three categories of working fluid
are dry, wet, and isentropic. They are determined by the slope (dT/ds) of the saturated
vapor line on the temperature-entropy (T-s) diagram; dry is positive, wet is negative, and
isentropic is infinite as shown in Figure 2.9. ORC systems use dry or isentropic type for the
working fluid because they are superheated after isentropic expansion. This eliminates the
need of a superheated apparatus because there is no longer a concern that liquid droplets
would form on the turbine blades [38].

2.4

Design Considerations to Address

There is a considerable number of design and technological issues within these two WHR
techniques but these techniques also have unique issues of their own.
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Figure 2.8: Rankine cycle efficiency for various turbine inlet temperatures.
Reprinted with permission from SAE Paper No. 2005-01-1171 © 2005 SAE
International. [25]

Figure 2.9: T-s diagram for dry, wet, and isentropic fluids. Reprinted
with permission from SAE Paper No. 2005-01-1171 © 2005 SAE
International. [25]

2.4.1

Common Issues Related to WHR Systems

2.4.1.1

Backpressure

With the installation of a WHR system in a vehicle exhaust system, the engine backpressure
will increase resulting in reduced engine volumetric efficiency and thus reduced fuel
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conversion efficiency. This restriction is caused by direct obstruction of the exhaust
gas flow, or by the reduction in temperature of the exhaust gas or by a combination of
both [31]. An experiment conducted by Mori, et al. [31] on a 2.0 liter mid-size production
vehicle showed the effect of additional mean backpressure to the fuel economy during three
different driving modes. The results of the study are shown in Figure 2.10.

Figure 2.10: Effect of backpressure supplied to a 2.0 liter midsize
production vehicle. Reprinted with permission from SAE Paper No.
2009-01-0170 © 2009 SAE International. [31]

However, the effect of increased back pressure within the coolant system on fuel economy
was negligible [31].

2.4.1.2

Weight

The added weight of automotive WHR systems could result in a reduction of fuel economy,
which has been a widely published concern although the range of additional weights

20

of these systems have not been disclosed. The additional weight increases the required
road-load power to keep a vehicle at a constant speed. The equation for road-load power,
Pr can be seen in Equation (2.2) [40]. The nomenclature for the variables are; CR is the
coefficient of rolling resistance, Mv is the mass of vehicle, g is the acceleration due to
gravity, ρa is the ambient air density, CD is the drag coefficient, Av is the frontal area of
the vehicle, and Sv is the vehicle speed. The possible effects of additional weight on the
fuel economy is not easily determined because every engine design would have a unique
brake specific fuel consumption (BSFC), map. This means there will be situations where
the increased road-load power could result in a lower BSFC and thus have an improved
fuel economy. This generally is not the case as increased vehicle weight is not desired in
regards to fuel economy.



1
Pr = CR Mv g + ρaCD Av Sv2 Sv
2

(2.2)

To further explain the concern of additional weight on a road load power, a vehicle was
set to the following attributes: coefficient of rolling resistance = 0.0138, mass of vehicle
= 5000lb, drag coefficient = 0.038, frontal area of vehicle = 33 f t 2 , and the vehicle speed
= 55mph. The results, Figure 2.11, show that the change in required road load power
increases by 0.42 multiplied by the percent increase in the vehicle weight.
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Figure 2.11: The percent change of road load power as the percent mass
increases for a 5000lb vehicle with a coefficient of rolling resistance =
0.0138, drag coefficient = 0.038, frontal area of vehicle = 33 f t 2 , and the
vehicle speed = 55mph

2.4.1.3

Thermal Power Fluctuations

The thermal power sources of waste heat in an IC engine are highly dynamic. They are a
function of mass flow rate and temperature. The dynamic changes that occur with the mass
flow rate and temperature will greatly affect the heat transfer to the WHR system. This will
cause the overall performance of the WHR system to degrade from its optimum [41].

2.4.1.4

Cold Reservoir Reliability

To properly recover the wasted heat from the exhaust, a compact heat exchanger similar
to a radiator would need to be integrated. The air flow on the underside of the car is not
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consistent compared to the airflow that is being applied to the coolant system radiator. Due
to this fact, it is difficult to regulate dependable heat transfer to the cold reservoir (ambient
air) which will diminish the efficiency of the system [42].

2.4.1.5

Type of Engine

The comparison of two engine types for light-duty vehicles concluded that spark ignition
engines are more favorable for WHR systems because they generally have higher exhaust
gas temperatures and lower exhaust gas flow rates [43].

2.4.1.6

Coolant or Exhaust Energy Streams

As was stated earlier, the exhaust system has a greater potential to convert waste heat into
mechanical work compared to the cooling system. Thus, the location of the WHR system
generally resides in the exhaust system [44].

The highest temperatures and heat energy in the exhaust system would be found before
and in the catalytic converter. Although this would permit larger amounts of WHR, it is
not recommended to remove heat from the catalytic converter since this could decrease its
conversion efficiency if enough energy was extracted. [31]
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2.4.1.7

Expense / Complexity / Size

The added expense, complexity, and size of WHR systems have hindered significant
implementation. Generally, to utilize a larger quantity of waste heat would require an
increase in the system complexity and thus increased expense and size [25, 20].

As was stated by Smith and Thornton [45], “Current TE system costs of $3, 000 to
6, 000/kW must be reduced substantially, to about $450/kW for the Class 8 truck platform
application, to become economically justifiable.” They went on to mention that this
reduction in cost might come as a result of using thin-film devices that use expensive TE
junction materials more efficiently.

2.4.2

Thermoelectric Device Issues

2.4.2.1

Thermoelectric Materials

A high ZT value of TE materials over certain temperature ranges is crucial to the success of
TEG as WHR systems. The key to this WHR technique will continue to be the development
of new TE materials with increased TE efficiency [46].
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2.4.2.2

Longevity

Although thermoelectrics have been known to have long productive life spans in certain
applications, a great deal of planning must be done to get the most power out of these
devices while protecting their durability. “Efficient operation of the TEG heat exchangers
over the life of 10 years to 30 years of a vehicle is a concern. The effect of material buildup
on the heat exchanger surfaces from exhaust gas, coolant, or air is basically unknown and
needs research to ensure that it does not excessively degrade system operation” [27].

As seen in Figure 2.12, the ZT values of high-ZT materials peak only relatively lower
than the material degradation (melting, sublimation, etc) temperatures. This is a cause for

Figure 2.12: “ZT versus T for state-of-the-practice (symbols with lines)
and state-of-the-art materials (lines only)” [27]

concern since the goal of TEGs as WHR systems is to maximize the amount of electrical
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energy generated. As the temperature decreases from the optimum setting, the ZT value
decreases significantly. Therefore, the efficiency of the TEG will be proportionally lower
at these lower temperatures. The materials in the TEG must be able to either withstand
the highest possible temperatures found in either the coolant or exhaust systems or must be
protected from these potentially devastating high temperatures by other means [28, 41].

2.4.2.3

Stress

Most thermoelectric materials are brittle semiconductors. Any micro fractures in the
thermoelectric materials will reduce the TEG’s ability to generate electricity. In the case
of using TEG’s in automotive applications, the stresses from thermal gradient, thermal
cycling, and vibrations may cause; fractures within the TE materials, increases in the
electrical resistivity, decreases in the material’s ZT value, and reduction in the lifetime
of the TEG [27, 28].

2.4.2.4

DC-DC Converter Loses

The relatively low output voltages of thermoelectric WHR systems will need to be raised
to a level that is compatible with the vehicle’s electrical system. The DC-DC converter
losses will affect the total increase in fuel economy. The issue of DC-DC converter
losses becomes more important when high voltages are needed for Hybrid Electric Vehicle
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applications [47].

2.4.3

Rankine Cycle System Issues

2.4.3.1

Working fluid selection

Most organic fluids suffer chemical decomposition and deterioration at high temperatures
and pressures. Although water does not have this issue, it does have shortcomings of high
operating boiling pressure, low condensing pressures, and high triple-point temperatures
that does not make it an ideal fluid for Rankine bottoming cycles for automotive
applications [25].

The environmental aspects of the organic working fluid such as global warming potential
and ozone depletion potential have to be a consideration in selecting the working fluid [25].
Organic fluids prevent freezing and air infiltration problems that can occur in similarly
designed steam Rankine systems [25].

2.4.3.2

Components design

The working fluid and operating conditions can greatly influence the design of the turbine
since they influence the power density, pressure ratio, volumetric flow, and maximum
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operating pressure [25]. The heat exchanger (boiler and condenser) dimensions and cost
are dependent on the thermal properties of the operating fluid, mass flow rates, operating
pressures, and the Rankine cycle system efficiency. The mass flow rate is significant
because higher mass flow rates require large collectors and flow passages in order to avoid
excessive pressure drop. The operating pressure of the working fluid is influential as it will
affect the heat exchanger mass due to the metal thickness that will be required [25].

2.4.3.3

System pressure

The efficiency of the system increases as the system pressure increases, however, it may
not be realistic to pursue this direction due to cost, complexity, and material selection of
the components [25].

2.4.3.4

Safety

The safety aspects of toxicity, maximum operating pressure, and flammability have to be
considered [25].
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2.5

2.5.1

Technology Advancements / Studies

Thermoelectric

There was a study performed by Hatzikraniotis, et al. [28] to determine the longevity of
a TEG in an environment similar to that found in vehicles. This test involved 6, 000
sequential heating-cooling cycles over a time period of 3, 000 hours. The TE material
used was 2.5cm x 2.5cm Bi2Te3−based modules (Melcor HT9 − 3 − 25) and the module
consisted of 31 thermocouples. The hot reservoir fluctuated from 30°C to 200°C while the
cold reservoir stayed constant at 24°C. The graph of the thermal cycle and the generated
amperage and volts can be seen in Figure 2.13.

Figure 2.13: The heating-cooling cycle performed [28]

The abrupt changes in the first 15 cycles could have been the contribution by the thermal
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grease being deteriorated caused by the elevated temperatures. The ZT value decreased
from 0.74 to 0.63 and was accompanied by a 6.6% decrease in the average leg thermal
conductivity, a 3.8% decrease in the Seebeck coefficient, and a 16.1% increase in resistivity.
The gained power and electromotive force (EMF) was reduced by 14% and 3.3%,
respectively [28]. These results of the experiment can be found in Figure 2.14.

Figure 2.14: “TEG’s maximum gained power (P) and EMF (U0 ) during the
reliability test” [28]

Using a scanning electron microscope, Figures 2.15 and 2.16 reveal the physical effects of
6,000 thermal cycles on the tested TEG. Notice how the TE material degraded and there is
evidence of a micro fracture in the connecting metal.

Realizing that TE systems are only optimized for a small range of temperature and mass
flow rate, an experiment by Crane and Bell [41] utilized a three section system that had
each section optimized for different operating conditions. The multiple sections allowed
for the TE system to adjust to the constantly changing environment to insure the maximum
amount of electricity could be generated. This system would be regulated with a controller
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Figure 2.15: Scanning electron microscope micrograph for a TEG before
6, 000 thermal cycles [28]

Figure 2.16: Scanning electron microscope micrograph for a TEG after
6, 000 thermal cycles [28]
and valves. An example of such a system can be seen in Figure 2.17. To minimize the
influence of fluctuations in the operating conditions, an intermediate loop was added to the
system, which is shown in Figure 2.18.

Improvement in the power output percentage was consistently increased over an exhaust
gas mass flow rate range of 5 − 40 g/s. The largest increases occurred when the exhaust gas
mass flow was very low (5 g/s). The lowest improvement was around the exhaust gas mass
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flow rate of 20 − 25 g/s but increased as the mass flow rate increased or decreased from
this amount. The performance improvements over traditional single section TE devices are
in the range of 90% at low mass flow rates and 25% for high mass flow rates. This data can
be found in Figure 2.19.

Figure 2.17: Schematic diagram of a multiple section TE power generator
system without an intermediate loop [41]

Figure 2.18: The schematic for a multiple TE power generator system with
an intermediate loop between the exhaust pipe and the TE generator [41]

The total cycle energy recovered was measured on four different drive cycles for both a
32

single section TE system and a three section TE system. These drive cycles were FTP−75
city cycle, the HWFET highway cycle, the combined city and highway cycle, and the
European NEDC drive cycle. The results found in Figure 2.20 show that the three section
TE system outperforms the single section TE system for all four drive cycles because the
three section TE system can be optimized for three different heat energy conditions instead
of just one.

Figure 2.19: The power output improvement (%) for a given exhaust gas
mass flow (g/s) by using a three section system compared to a single section
system [41]

The performance improvement for the four different drive cycles can be found in
Figure 2.21, which illustrates an increase from roughly 9% − 18%.

A system level optimization study by Mori, et al. [29] that used a validated model was
performed to find the potential of a cross flow heat exchanger that had hot reservoir
characteristics of the coolant flows of an IC engine. The system would take the place
of a traditional radiator and thus would have the cold reservoir consisting of ambient air
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Figure 2.20: Comparing the total cycle energy recovered (W/hr) for four
different drive cycles that used a single section system (optimized at 25 g/s)
to that of a three section system (optimized at 5, 10, and 20 g/s) [41]

Figure 2.21: The percent improvement of energy recovered for the four
drive cycles for the three section system over the single section system [41]
flowing over the heat exchanger. The schematics of the simulated system can be seen in
Figure 2.22 and 2.23. “The results show that a net power output of 1 kW can be achieved
for a modestly sized heat exchanger core such that the net power density based on heat
exchanger volume is 45 kW /m3 . Optimization for a power/cost ratio objective function
with a minimum net power requirement of 1 kW indicated that the power per cost can
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Figure 2.22: Schematic showing layout of sub-section of thermoelectric
heat exchanger [29]

Figure 2.23: Schematic of counter flow TE heat exchanger [29]
reach as high as 1.1kW /10, 000” [29].

2.5.2

Rankine Cycle

A study conducted by Arias, et al. [48] evaluated the potential energy recovery in a practical
hybrid implementation. The Toyota Prius hybrid was used as inputs for the vehicle/energy
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recovery model. It was found that the exhaust temperatures for this vehicle were lower
than what was expected. This lower temperature accounted for a poor average recovery
rate of 0.8% of the total fuel energy and about 1.8% of the total available waste heat. The
system was modified to utilize the heat from the engine block, seen in Figure 2.24. The

Figure 2.24: Schematic of the Rankine cycle utilizing the engine and
exhaust gas waste heat. Reprinted with permission from SAE Paper No.
2006-01-1605 © 2006 SAE International. [48]

engine block was used to boil the working fluid in the power cycle and the high temperature
exhaust gases were then used to superheat the fluid. This combination of WHR resulted
in an average recovery rate of 5.5% of the total fuel energy and about 7.5% of the total
available waste heat.

In a study from Teng, et al. [49], an ORC system was proposed for a heavy-duty diesel
engine. The working fluid that was used was categorized as a dry fluid with a critical
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pressure less than 70 bar. This ORC WHR system had different pressures in the Charge
Air Cooler (CAC), the low temperature exhaust gas recirculation (LT-EGR), the exhaust
cooler, and the high temperature exhaust gas recirculation (HT-EGR) cooler. This was done
to improve system performance, reduce system cost, and avoid possible phase change in the
EGR coolers. It was decided that heat rejection from the radiator would be excluded in the
WHR system because its energy level was close to that of the ambient. The negative effect
of requiring a larger condenser size, if the heat rejection from the radiator was included,
also helped the decision to exclude it. A schematic of the proposed system can be found in
Figure 2.25.

Figure 2.25: An ORC-WHR system with integrated low-temperature
cooling loop [49]

“The case study showed that up to 20% increase in the engine power could be achieved by
the WHR system without additional fuel consumption. It was demonstrated that, with the
hybrid power system of the diesel engine and the Rankine engine operated with waste heat,
substantial enhancement in the engine power, improvement in fuel economy, and deduction
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in specific emissions can be achieved” [49].

A study by Mago, et al. [50], explored how the use of regenerative ORC over a basic
ORC would affect the amount of exergy destroyed during the Rankine cycle process.
Reducing the amount of exergy destroyed during the Rankine cycle would help increase
the efficiency of the entire WHR system. The schematic of a regenerative ORC can be
found in Figure 2.26.

Figure 2.26: Schematic of a regenerative ORC [50]

The regenerative ORC produced higher thermal/exergy efficiencies, a higher degree of
thermodynamic perfection, and a lower total system exergy loss compared to the basic
ORC system.

It was found that the evaporator is the component, in ORC systems, with the highest
influence coefficient and highest exergy loss with respect to the overall system exergy loss.
The exergy loss was reduced in regenerative ORC systems from 77% to 40.4% because the
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working fluid was more gradually warmed up by the presence of the feed-water heater.

The thermal and exergy efficiencies increase along with a decrease in system total exergy
loss with the increase in the evaporator pressure. The increased evaporator pressure will
bring the temperature of the organic fluid closer to the temperature of the hot gas entering
the evaporator with heat transfer occurring over a lower temperature difference.

2.6

Conclusions

The use of waste heat recovery systems in automobiles has shown substantial potential
to increase fuel economy. The two main WHR systems for automotive applications were
found to be thermoelectric generators and Rankine cycle electrical generators. The design
considerations for these systems include; backpressure, weight, thermal power fluctuations,
cold reservoir reliability, DC-DC converter loses, type of engine, coolant or exhaust energy
streams, expense, complexity, and size. Additional considerations for thermoelectric
material, longevity, and stress are needed for thermoelectric generators while working fluid
selection, component design, system pressure, and safety are needed for Rankine cycles.
Over the past ten years, these issues have been addressed by a number of different case
studies and advances in technology which will assist in making these techniques for waste
heat recovery in automobiles economically and technologically a reality.
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Chapter 3

Rankine Cycle: Steam Assisted Engine

This chapter was written in preparation to be submitted as a journal article 1 . The goal
of this project was to quantify the potential improvement in vehicle fuel economy with
a combination of a coolant and exhaust-based Rankine cycle which utilizes a recently
patented piston in piston engine technology. This was done with the aid of two GT-Power
simulations. One simulation was of a Class-8 diesel engine and the other simulation was
on a uniquely designed steam chamber.

1 The

material contained in this chapter was written/designed for a journal article submission.
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3.1

Abstract

The reciprocating internal combustion engine converts more of the chemical energy in fuel
to thermal energy than mechanical energy. Waste heat recovery methods are currently being
evaluated for transforming the generally unutilized thermal energy into either mechanical
or electrical energy that can be used to improve overall fuel economy.

This article

focused on the feasibility of using a Rankine cycle waste heat recovery method in an
automotive setting. The engine simulation has modified piston assemblies to incorporate
a second piston within the existing piston that is powered by high temperature, high
pressure steam that is generated from the collected thermal energies within the coolant
and exhaust systems. The simulation showed that a Class-8 diesel engine would produce
sufficient recoverable waste heat to operate this engine technology under specific operating
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conditions. The Class-8 diesel engine running at 1, 500 RPM at full load with the waste
heat recovery system had a net power increase of up to 26.7 kW with the addition of the
engine technology which equated to an increase of the brake fuel conversion efficiency
from 34.4% up to a maximum of 37.5% for a total of a 3.1% increase.

3.2

Introduction

Waste heat recovery (WHR) is a concept of collecting unused thermal energy and
converting it into usable electrical energy or mechanical work.

Utilizing WHR on

internal combustion (IC) engines will improve the approximately thirty three percent fuel
conversion efficiency and thus reduce the consumption of fossil fuels. The fuel energy
that is not converted to mechanical work is predominantly rejected from the combustion
chamber as heat through the cooling and exhaust systems [25]. Although the amount
of thermal energy expelled by the coolant and exhaust system may be significant, the
maximum amount of useful energy, or exergy, is determined based on the differences in
temperature between the defined hot and cold reservoirs. This paper evaluated the validity
and potential of an automotive Rankine cycle which recovered waste heat from both the
coolant and exhaust systems from a Class-8 diesel engine to power reciprocating pistons
that supplemented the engine power during the compression and exhaust strokes. The
Class-8 diesel engine, used in trucks categorized by the gross vehicle weight rating of
14, 968 kg and over [51], and the steam chamber were modeled in the engine simulation
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software GT-Power and the desired thermodynamic properties and calculations were
performed using Engineering Equation Solver (EES).

3.3

Experimental Design

The automotive WHR technique evaluated with a piston-in-piston design is modeled after
the United States Patent No. 7, 997, 080 [52]. The schematic of the proposed WHR engine
setup is shown in Figure 3.1. Starting at the pump, the working fluid in liquid form is

Figure 3.1: Schematic of the proposed waste heat recovery engine setup

pressurized to a pressure of 7.1 MPa. The high pressure working fluid flows through an
engine coolant heat exchanger until it reaches the engine temperature of 393 K. Due to
the high pressure, the working fluid remains in liquid form as it flows into the exhaust
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heat exchanger. The working fluid increases in temperature, evaporates, and becomes a
superheated vapor. The high temperature, high pressure vapor (in this study; steam) is
utilized in reciprocating pistons that are located directly below a traditional engine piston
assembly that is modified to accept a piston-in-piston configuration. A schematic of the
piston-in-piston design is shown in Figure 3.2. The engine piston and the steam piston
have the same stroke length while the steam piston bore diameter is less than the engine
piston bore. This allows the smaller steam piston to fit within the inside cavity of the engine
piston. Since the steam piston is stationary, the maximum volume of the steam chamber is
when the engine piston is located at top dead center (TDC) and the minimum volume occurs
when the engine piston is located at bottom dead center (BDC). The steam inlet valve is set
to emit 700 K, 5.5 MPa superheated water vapor for 24 crank angle degrees (CAD) which
produces a cutoff ratio of entire steam chamber displacement of 5.2%. The steam piston’s
power stroke occurs during the IC engine piston’s compression and exhaust strokes for a
total of two steam power strokes per four-stroke engine cycle. The valve lift profile and the
steam chamber clearance height throughout the four cycles are shown in Figure 3.3. The
clearance height in the steam chamber is designed to be 0.5 mm to maximize efficiency.
Figure 3.3 shows that the valves would come in contact with the steam piston unless the
steam piston is designed to allow additional clearance in the location of the valve operating
volume or the valve mechanism design is changed. Finally, the exhaust steam discharges
into a condenser, which supplies the condensed working fluid to the pump.
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Figure 3.2: Schematic of the proposed waste heat recovery piston in piston
design

Figure 3.3: The steam inlet and exhaust valve profiles with the steam
cylinder clearance height.
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3.3.1

Steam Chamber

The expansion of the working fluid vapor within the steam chamber, located beneath
the crown of the piston, during the compression and exhaust strokes has the potential to
increase the power output of the engine by reducing the pumping losses associated with a
traditional IC engine. The steam chamber employed an approximately zero clearance (0.51
mm), zero compression design to allow a practically instantaneous steam inlet pressure to
occupy the first 5% of the total volume of the steam chamber before expanding within the
steam chamber. This also minimizes the parasitic energy losses during the return stroke to
diminish any compression work losses by leaving the steam exhaust valve open within the
steam chamber.

The GT-Power model of the steam chamber has four valves per steam chamber (two inlets
and two outlets with dimensions of 33% and 29% of the bore size, respectively). Utilizing
four valves increases the valve area per piston area, which increases the speed at which
the engine power is flow limited [53]. This WHR system was evaluated at an engine
speed of 1, 500 RPM which is the engine speed at a cruise condition for the Class-8 diesel
engine. [54]
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3.3.2

Working Fluid

The mass flow rate of the working fluid is determined by computing the amount of thermal
exergy (available energy) within the coolant and exhaust system of the engine and the
required energy needed to supply superheated working fluid (water) into the steam chamber
at 700 K and 5.5 MPa. Water was chosen as the working fluid since it has a higher Rankine
cycle efficiency compared to organic fluids at temperatures above 643 K. [37, 38]

Two of the six cylinders are equipped with a steam chamber to minimize the required mass
flow rate of the steam. This also decreases the ratio between the displacement volume of the
combustion chamber and the displacement volume of the steam chamber, which reduces
the required thickness and weight of the engine piston skirt. A single steam cylinder
configuration was not analyzed due to an anticipated significant imbalance of forces.

3.3.3

Coolant Heat Exchanger:

The coolant heat exchanger raises the temperature of the working fluid by extracting the
thermal energy from the engine coolant. The mass flow rate of the working fluid through
the coolant heat exchanger is assumed constant because the multiple-cylinder WHR engine
configuration helps to normalize fluctuations. The coolant heat exchanger is assumed to
be 80% efficient with a 5% pressure drop for the working fluid. Since the pressure of the
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working fluid is designated to be 5.5 MPa as it enters the steam chamber, the working
fluid pressure entering the coolant heat exchanger is high enough to prevent a phase change
(from liquid to vapor), due to the relatively low peak temperature of 393 K within the
engine coolant. The working fluid has a temperature of 393 K leaving the coolant heat
exchanger, which reduced the required size of the exhaust heat exchanger, thus reducing
back pressure on the engine to expel the exhaust gas.

3.3.4

Exhaust Heat Exchanger:

The exhaust heat exchanger superheats the working fluid by extracting the thermal energy
from the exhaust system. A compact heat exchanger was chosen for the gas-to-gas heat
exchange process to ensure the vapor of the working fluid exited as superheated. The
heat transfer to the working fluid within the exhaust heat exchanger is divided into three
processes; increasing the temperature of the working fluid to a saturated liquid, evaporation,
and superheat. The specific heat of the working fluid during these processes was calculated
by the average temperature for each process. The back-pressure of the exhaust heat
exchanger is swept in the calculations from zero to an amount in which all generated power
is canceled out by the parasitic loss created by the waste heat recovery system. This allows
for analysis of the work potential of this WHR technique that is independent from the
highly variable back-pressure within compact heat exchanger designs.
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3.3.5

Condenser, Pump, and Piping

The exhaust steam expels into the condenser, which is set to an atmospheric pressure of
101 kPa. This condenser pressure insures that the saturated vapor exhaust steam condenses
to saturated liquid with ambient air temperatures. If the condenser pressure were set below
atmospheric pressure, there would be a chance that the ambient air temperatures would
not be low enough to condense the vapor to liquid and a vacuum increases the chance of
air leakage into the system. Any increase in condenser pressure negatively influences the
thermal efficiency of the Rankine cycle [55]. For this reason, condenser pressures above
atmospheric were not evaluated.

The circulation pump increases the pressure of the working fluid to a level that maximized
the amount of thermal energy recovered and thus maximized the amount of work done
during the polytropic expansion in the steam chamber.

The pipes contributed to a 5% pressure drop between each apparatus to account for inherent
working fluid pumping losses. The 5% pressure drop between each apparatus was chosen
as an estimate since this analysis was based on a simulation and the exact pipe material,
diameter, length, and orientation could all be customized for each engine assembly and
vehicle.
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3.4

Compression Ignition Engine

A Class-8 diesel engine was modeled in GT-Power to predict the operational characteristics
of the engine’s power distribution (thermal and mechanical) as well as exhaust gas
characteristics (temperature, mass flow rate, and specific heat). The engine selected was
the Caterpillar Inc. C-13 on-highway diesel engine with ACERT Technology, which is a
12.5 L, in-line six-cylinder, four-stroke diesel with a 130 mm bore, 157 mm stroke, and
an advertised power of 227 kW [54]. The model was calibrated by attaining brake torque
and power curves that were within 5% of the manufacture’s documentation. The engine
simulation did not perfectly match all characteristics found in the C-13 engine because
the engine was modeled without proprietary data, such as valve timing and intake/exhaust
manifold design. This difference was acceptable because the overall goal of the model
was to attain operating characteristics that only closely resembled a typical Class-8 diesel
engine.

The model was set to operate at full engine load in order to maximize the potential of
this WHR system. This is also a more typical load condition for Class-8 diesels in
actual operation. The pertinent exhaust characteristics were attained at an engine speed
of 1, 500 RPM as this was the maximum recommended engine speed [54]. The exhaust
gas temperature, mass flow rate, specific heat, and density over a range of engine speeds
are shown in Figure 3.4 and Figure 3.5. These values were measured in the exhaust
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pipe downstream of the after-treatment devices and before the muffler. This location was
selected to maximize the recoverable heat energy while not impeding the after-treatment
devices that have operational thermal requirements.

Figure 3.4: Exhaust gas temperature and mass flow rate located in the
exhaust system between after-treatment devices and the muffler for the C-13
diesel engine operating at full load

Figure 3.5: Exhaust gas specific heat and density located in the exhaust
system between after-treatment devices and the muffler for the C-13 diesel
engine operating at full load
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3.5

3.5.1

Data Analysis

Steam Generation

The energy required to evaporate and superheat the working fluid within the exhaust
heat exchanger was approximately 650% greater than the energy required to raise the
temperature of the working fluid to 393 K within the coolant heat exchanger. For this
reason, the exhaust heat exchanger was the determining component to compute the mass
flow rate of the working fluid. Using the simulated engine exhaust gas characteristics at
1, 500 RPM and full load with the low temperature set to 393 K, the exhaust gas contained
approximately 145 kW of usable waste heat. Equation (3.1) was used to determine the
mass flow rate of water based on a 80% efficient exhaust gas heat exchanger. Note that
the specific heat of the working fluid was calculated at the average temperature for each
process and the working fluid entered the exhaust heat exchanger at a temperature of 393
K. (C p,468.7K = 4.446

kJ
kgK ,

∆Hvap,5.5MPa = 1605

kJ
kg , C p,621.5K

= 2.774

kJ
kgK ,

Powerexh = 145

kW, η HE = 0.80, ∆T f = 149 K, ∆Tg = 156 K)

ṁw f

=

Powerexh ∗ η HE
C p, f ∗ ∆T f + ∆Hvap +C p,g ∗ ∆Tg
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(3.1)

The total in-cylinder heat transfer in the C-13 engine simulation was 100 kW . With the
mass flow rate of the working fluid determined to be 0.043 kg/s, the amount of recoverable
heat energy from the coolant was calculated next. In Figure 3.6, the starting temperature of
the working fluid from the pump was varied to illustrate the affect it had on the amount of
waste heat recovered from the coolant and the percentage of total coolant thermal energy
recovered. The maximum starting temperature of 373 K was chosen because the condenser
pressure was set to atmospheric and any steam with a temperature above 373 K would not
condense at this pressure. The results show that the maximum recovered coolant energy is
less than 18% of the total in-cylinder heat transfer, which means a traditional air-to-liquid
radiator would still be required to remove the remaining thermal energy from the coolant.

Figure 3.6: The amount of waste heat recovered and the percentage of the
total rejected in-cylinder heat transfer from 100 kW over a range of starting
working fluid temperatures.
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3.5.2

Steam Chamber Analysis

The steam chamber simulation was designed to utilize the maximum mass flow rate of the
working fluid, which was achieved by implementing a steam chamber bore diameter of
90 mm. This gave the steam chamber a volume of 999 cm3 and a displacement ratio of the
combustion chamber to the steam chamber a value of 2.1. The mass of steam that occupied
the steam chamber throughout the four-stroke cycle is shown in Figure 3.7 with the steam
inlet and exhaust valve lift profiles. The lift profiles were modeled after cycloidal follower
equations [56]. With this profile, the exhaust valve profile opened after the maximum steam
chamber volume to minimize the total work required during the steam exhaust stroke. The
late opening of the exhaust valve shortened the exhaust valve duration. This reduced the
compression of the working fluid at the end of the stroke which was more significant than
the negative compression work of the late valve opening. The steam chamber pressure and
temperature are shown in Figure 3.8. The pressure and temperature exceeded the target
values of 700 K and 5.5 MPa at the time of the steam inlet opening. This may have been
the result of momentum of the incoming steam or a possible calculation error within the
1-D engine simulation software.
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Figure 3.7: Steam chamber valve lift profiles and trapped working fluid
mass within the steam chamber

Figure 3.8: Steam chamber pressure and working fluid temperature
Tracking the quality of the steam throughout the four-cycle process was important in order
to avoid having an incompressible liquid condensate in the steam chamber that had nearly
zero clearance. If the steam condensed to a liquid within the steam chamber, it would likely
cause mechanical failure. The quality and pressure of the steam throughout the engine
cycle are shown in Figure 3.9. The high temperature, high pressure steam was injected into
the cylinder and remained 100% vapor for a short period after the inlet steam valve was
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closed and the steam was allowed to expand. The data shows significant duration during
the four-stroke cycle in which the steam condenses to liquid, although the compression at
the end of the exhaust stroke vaporizes the liquid water as the steam piston approached the
critical location of BDC.

Figure 3.9: The steam chamber pressure and steam quality throughout the
four engine cycles. (Quality of 1 correlates to 100% steam per mass ratio
and a quality of 0 correlates to 0% steam per mass ratio.)

3.5.3

Power Generation

The net power generation for the C-13 diesel engine operating two cylinders with steam
chambers and a steam power stroke every crank shaft revolution was evaluated. The
generated brake power for the steam chambers was determined from the GT-Power
simulation model for the steam cylinder and scaled with the number of cylinders. The
brake power from the steam chambers without any parasitic losses was determined to be
26.7 kW with the engine operating at 1, 500 RPM and full load.
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The parasitic losses outside of the steam chamber in this WHR system primarily came
from the working fluid pump and the additional back pressure caused by the exhaust heat
exchanger, which the engine must overcome during the exhaust stroke. The loss from the
pump was calculated with the assumption that there would be a 5% drop in pressure across
each pipe and heat exchanger from the pump to the steam chamber. This required the pump
to increase the pressure of the water from the condenser from 101 kPa to roughly 7.1 MPa.
The pump was considered 80% efficient and the alternator that would supply the electrical
power to the pump was 80% efficient. The power required to operate the working fluid
pump with the assumptions stated was 0.4 kW . The loss from the exhaust heat exchanger
was calculated by sweeping the back pressure from zero to an amount in which the total
loss of the system would nullify any power generated from the steam chamber. The results,
shown in Figure 3.10, show that the maximum brake fuel conversion efficiency that can
be attained was 37.5% when there was no additional back pressure on the engine from the
exhaust heat exchanger. The results also show that as long as the additional back pressure to
the engine is below 41.8 kPa, then there will be an improvement in brake fuel conversion
efficiency. The additional back pressure from an exhaust heat exchanger could possibly
compare to the back pressure of a muffler, which was set to 30 kPa in the C-13 diesel
engine model.
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Figure 3.10: Net power generated from WHR and corresponding fuel
conversion efficiency over a range of exhaust back pressures resulting from
an exhaust heat exchanger.

3.6

Conclusions

A diesel engine with a piston-in-piston WHR method was evaluated with the use of
GT-Power and EES. The simulation showed that a Class-8 diesel engine at full load could
be implemented with this WHR technology. This diesel engine running at 1, 500 RPM at
full load (1, 496 Nm) had a brake power increase of up to 26.7 kW with the addition of this
engine technology on two of the six cylinders, actuated twice per four-stroke engine cycle.
This increased power equated to an improvement in brake fuel conversion efficiency from
34.4% up to a maximum of 37.5% (3.1% increase). The analysis of the steam chamber
throughout the engine cycles showed that the water vapor condensed during certain portions
of the cycle. The formation of liquid in the steam chamber has the potential to reduce the
efficiency of the system and to cause a mechanical failure if not properly removed from the
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cylinder (hydraulic lock) during steam chamber compression. The validity of this WHR
engine technology during transient conditions (start-up and accelerations) as well as the
extent of the impact of condensation within the steam chamber requires further simulation
as well as experimental testing.
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Chapter 4

Thermoelectric Generators: Cylinder
Walls

This chapter was written in preparation to be submitted as a journal article 1 . Utilizing
thermoelectric generators to recover the heat energy from the cylinder walls of an IC engine
has many possible advantages over existing WHR systems. In addition, this technique
has not been previously evaluated according to a thorough literature review. This type of
WHR system has a minimal impact on current engine designs and reduces or eliminates
several of the characteristic disadvantages of current automotive WHR systems, which are
described in Chapter 2. The goal of this project is to understand the effect of the TEG on
the energy distribution, cylinder wall temperatures, and TEG power conversion potential.
1 The

material contained in this chapter was written/designed for a journal article submission.
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Supplemental information for this experiment can be found in Appendix A.
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Automotive Cylinder Wall Waste Heat Recovery with
Thermoelectric Generators

John R. Armstead
Michigan Technological University
Houghton, Michigan, USA

4.1

Scott A. Miers
Michigan Technological University
Houghton, Michigan, USA

Abstract

This article investigated the impact of implementing thermoelectric generators (TEG) on
the outer cylinder walls of a liquid-cooled internal combustion engine. The research
focused on the empirical trends in fuel energy distribution, cylinder wall temperatures,
and TEG power generation with the addition of a TEG surrogate material over a range of
engine speeds and loads in a two cylinder, 19.4 kW , liquid-cooled, spark-ignition engine.
One 30 mm x 30 mm TEG was installed on the outside of each cylinder wall while a TEG
surrogate material, which had similar thermal resistance as the actual TEG, covered the
remaining outside cylinder surface area. Engine oil analysis was performed to assess the
possible negative effects of increased cylinder wall temperature on the oil quality. The
electrical power generated from the TEGs was scaled to simulate the effect of covering the
entire cylinder surface with TEGs.

The cylinder wall temperatures increased by 17% to 44% which correlated well to the 4.3%
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to 9.5% decrease in coolant heat transfer. Approximately 23.3%-28.2% of the heat transfer
to the coolant came through the TEG and TEG surrogate material. The gross indicated
work decreased by 0.4% to 1.0% which was attributed to the decrease in friction energy.
The exhaust gas energy decreased by 0% to 2.6% because of the decreased combustion
duration which resulted in more in-cylinder heat transfer from the combustion gas and
increase in mechanical efficiency. The scaled electrical output of the TEG represented
0.0007 − 0.0014% of the fuel energy at 40 Nm and 0.0015 − 0.0059% of the fuel energy at
20 Nm. The low energy production of the TEG was likely due to the way the TEG’s were
installed.

4.2

Introduction / Background

The internal combustion (IC) engine converts approximately one third of the chemical
energy in fuel to mechanical work. The fuel energy that is not converted to mechanical
work during the combustion process is expelled from the engine as heat, predominately
through the cooling and exhaust systems [25]. Figure 4.1 shows a diagram of the typical
fuel energy distribution for a spark ignited (SI) engine, which includes the total indicated
work (mechanical work), heat transfer (in-cylinder heat transfer), and the net transfer out
due to flows (heat and kinetic energy in the exhaust gas). Since heat energy can not
be converted completely into useable energy, this figure also illustrates the amount of
theoretical useful energy (availability) within each of these systems. In an effort to utilize
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Figure 4.1: Energy and exergy (availability) for a SI engine. [57]
a larger percentage of this fuel energy and therefore reduce fossil fuel consumption, there
are waste heat recovery (WHR) techniques that can capture unutilized heat and convert
it into usable electrical or mechanical work. Stobart, et at. [30] estimated that a 1.3 kW
WHR system could eliminate the alternator on a small, passenger-sized vehicle, which
is beneficial to fuel conversion efficiency because the alternator is a parasitic load on the
engine.

Thermoelectric generators (TEG), which are solid-state devices made from alternating
elements of n-type (negative) and p-type (positive) semiconductors, have the potential to
become a useful WHR tool to convert waste heat energy from internal combustion engines
to electrical energy. When there is a temperature gradient across a TEG, the system converts
a portion of the heat energy into an electric current. The efficiencies of TEGs are evaluated
by the dimensionless figure of merit (ZT ) [34] which is calculated using Equation (4.1).
The current value of ZT for TEG systems is around 1.0. However, to be competitive
with traditional mechanical recovery systems, such as turbochargers, the ZT value for
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TEG systems needs to be around 3 − 4 [34]. The maximum efficiency (ηmax,T EG ) of the
TEG power conversion for a given ZT value and hot-side/cold-side temperatures can be
calculated with Equation (4.2) [58]. (Equation nomenclature: S = Seebeck coefficient, σ =
electrical conductivity, T = average operating temperature, TH = hot-side temperature, TC
= cold-side temperature, and κ = thermal conductivity)

ZT

=

ηmax,T EG

=

S2 ∗ σ ∗ T
κ
p
1 + ZTavg − 1
TH − TC
∗p
TH
1 + ZTavg + TTC

(4.1)
(4.2)

H

TEG automotive WHR techniques have been primarily focused on exhaust system
installations [30, 36, 26, 47, 59, 60]. This is due to the higher exhaust gas temperatures,
which increase the potential power conversion of TEGs, compared to the coolant system.
Even with less overall potential compared to the exhaust system, the coolant system has
garnered TEG research. Some advantages of coolant system WHR is that exhaust heat
exchangers put more back-pressure on the engine which increase the pumping work,
and there is less variability in temperature and energy streams which degrades TEG and
Rankine cycle efficiencies. One study by Crane et al. [29] explored the possibility of
TEGs within the coolant system by designing a modified radiator simulation with a series
of TEGs. The hot-side reservoir was the coolant while the cold-side reservoir was the
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ambient air. The results indicated that a 1 kW system can be achieved with a cross
flow heat exchanger with a power density to heat exchanger volume of approximately
45 kW /m3 . This research explored a coolant-based TEG WHR system located on the outer
cylinder walls of an IC engine to convert a portion of this heat energy to electricity. This
TEG system technique is a thermal insulator to heat transfer and any resulting reduction
in heat transfer to the cylinder walls will have an affect on the engine performance,
efficiency, and emissions. Also, by reducing the heat transfer through the cylinder walls, the
combustion-side temperature of the cylinder walls would increase, which could potentially
degrade the engine oil quality and also lead to an increased chance of auto-ignition (knock).

There have been numerous research studies since the 1970’s to investigate the potential
of increasing the fuel conversion efficiency by reducing in-cylinder heat transfer. This
concept is known as low heat rejection (LHR), which theoretically would increase the
fuel conversion efficiency of the engine by increasing the combustion gas temperatures
and pressures by reducing the in-cylinder heat transfer. A LHR engine would attempt to
minimize or eliminate the need for a traditional coolant system by coating the cylinder
surfaces with a high temperature, low thermal conductivity material that could withstand
the combustion gas temperatures. The LHR technique was generally not tested in SI
engines because of the knock limitation of gasoline but was tested on compression ignition
(CI) engines [61, 62, 63, 64, 65, 66, 67, 68]. LHR engine research had mixed results
as the fuel conversion efficiency would only either slightly increase or slightly decrease
depending on the engine parameters such as injection timing, total amount of in-cylinder
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heat transfer reduction, and valve timing adjustments. The reduction in heat energy which
was once conventionally removed by the coolant system did not consistently result in
more mechanical work output but rather was expelled in the form of increased exhaust
gas temperatures and the increased combustion gas temperature reduced nearly all exhaust
emissions other than NOx for LHR engines [69]. Buyukkaya et al. [70] achieved a 1 − 6%
reduction in brake specific fuel consumption (BSFC) with a thermal barrier coating on all
in-cylinder surfaces. The authors delayed the injection timing from the original setting
of 20o before top dead center (BTDC) to 18o BTDC, on a six cylinder, direct injection,
turbocharged diesel engine. The NOx was reduced by 11% when the injection timing
was set to 18o BTDC and 26% on average for 16o BTDC. The LHR research indicates
that installing TEGs on the outer cylinder walls would not necessarily improve the fuel
conversion efficiency but the reduction in heat transfer to the coolant would be expelled
from the cylinder by higher temperature exhaust gas. The reduction in heat transfer to
the coolant will not be as significant as LHR research (50 − 65% reduction) because the
cylinder wall insulation is on the outer cylinder wall, which allows the engine block and
head to absorb the heat before being hindered.

4.3

Experimental Design

This research used a two-cylinder, 19.4 kW , liquid-cooled, spark-ignition engine. The
cylinder dimensions included an 80 mm bore, 67 mm stroke, a total displacement of 674 cc,
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with a compression ratio of 8.5 : 1 [71]. The water-jacket was approximately 40 mm deep
with a width that varied from 5 − 7 mm at the top of the water-jacket and 3 − 5 mm at the
bottom.

To map the fuel energy distribution, cylinder wall temperatures, and TEG power output,
a number of transducers were installed on the engine. A total of sixteen temperature
measurements were performed with ungrounded, sheathed K-type thermocouples with an
uncertainty of 1.1°C or 0.4% (whichever value is greater). These thermocouples measured
temperature of key locations within the coolant system, exhaust system, oil, and the intake
air. The mass flow rate of the coolant was measured with a turbine type flow meter
with an uncertainty of 3%. An electro-chemical oxygen sensor was used to measure the
relative air/fuel ratio, λ , from 0.62 to 1.10. The actual air/fuel ratio (AFR) was computed
by multiplying the relative air/fuel ratio, lambda, by the stoichiometric air/fuel ratio
(14.6) of the Tier II EEE U.S. Federal emission certification fuel used in the experiment.
Equation (4.3) shows the calculation for AFR based on the lambda measurement and the
stoichiometric ratio of the fuel.

AFR

=

λ ∗ 14.6

(4.3)

The range of AFR measurement was 9.052 to 16.06. The mass flow rate of the air was
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determined by multiplying the fuel flow rate, which was measured with a Coriolis-type
flow meter with 0.1% uncertainty, by the computed air/fuel ratio, which had an absolute
uncertainty of 0.1 AFR. The total mass flow rate of the exhaust gas was determined by
adding the mass flow rate of the fuel to the mass flow rate of the air.

Each cylinder had two 1.6 mm diameter thermocouples recessed into the cylinder walls.
The tips of the thermocouples were located 3 mm and 15 mm down from the cylinder head
surface nearest to the exhaust valve. These thermocouples were used to measure cylinder
wall temperatures. One 1.6 mm diameter thermocouple was adhered at the center location
of the TEG to measure the "cold-side" coolant temperature. The exhaust gas temperature
was measured with thermocouples located 35 mm downstream from the exhaust valve of
each engine cylinder. This measurement was used to determine the amount of available
heat that was expelled from each cylinder into the exhaust system.

4.3.1

TEG / Surrogate Selection and Installation

The TEG used in this experiment was a Seebeck Thermoelectric Generator from the
company; Custom Thermoelectric based out of Bishopville, Maryland. The top and bottom
plate had dimensions of 30 mm by 30 mm with a lapped height of 3.5 mm while having a
thermal conductivity of 3.88 W /mK. The TEGs are typically installed with 1.275 MPa
of compression between two heat sinks. Due to the limited amount of space within the
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water-jacket the TEGs were installed with JB Weld. Because this TEG application was
submerged into coolant and adhered directly to the cylinder wall, the pre-applied thermal
interface material (graphite foil) was removed at the recommendation of the manufacturer.
The hot side and cold side of this TEG were rated at a continuous temperature of 300°C and
180°C, respectively. The ZT value was calculated to be 0.64. To install the TEG on a flat
surface, the outer surface of the cylinder wall was machined, shown in Figure 4.2(a) and
Figure 4.2(b). A total of 3.8 mm of material was removed from the side of the cylinder wall

(a) Top view

(b) Isometric view

Figure 4.2: Engine block water-jacket with a TEG (magenta) and a TEG
surrogate material (orange) installed.

for a depth of 35 mm. There was a concern that the removal of part of the aluminum cylinder
wall could cause the cylinder bore to deform due to uneven heat transfer. If the cylinder
liner did deform, it would lead to excessive oil consumption and increased blow-by, which
were not noted in the testing. This would not be a concern in a production application as
the cylinder walls would be designed for the TEG application.
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ThermaCool TC100 from Saint-Gobain was selected as the TEG surrogate that was used to
cover the remaining exposed outer cylinder wall. This material is an unsupported solid
silicone rubber with a thermal conductivity of 1.3 W /mK. The nominal thickness of
0.81 mm gave the surrogate material a thermal resistance per unit area that was 32% lower
than the thermal resistance per unit area of the TEG. The reduced thermal resistance of
the surrogate material allowed more heat to transfer to the coolant compared to the TEG,
which reduced the increase in cylinder wall temperature that was predicted. However, this
was the best match available that could withstand the expected temperature at the outer
cylinder wall. The surrogate itself would not sufficiently adhere to the aluminum cylinder
walls without a thin coat (approximately 0.1 − 0.15 mm) of JB Weld, which had a thermal
conductivity of 5 W /mK). Because the adhesive thermal conductivity was almost four
times greater than the surrogate material, variations in adhesive thickness had a minimal
impact on the heat transfer through this portion of the cylinder. The recessed thermocouples
in the cylinder walls helped to ensure the TEG surrogate could lie flat on the cylinder walls
and minimize the obstruction in the cooling passage.

4.4

Test Matrix / Procedure

The test matrix included a combination of engine speeds of 3600, 3000, 2400, and
1800 RPM at engine loads of 40 Nm and 20 Nm. The engine speeds of 3600 and 2400 RPM
are significant because the peak power and peak torque are found at those engine speeds,
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respectively. The engine loads were selected to increase the likelihood that both the
baseline and the TEG testing would be able to reach and maintain the most demanding
test modes. Wide open throttle was not implemented because the resulting power may
not have been consistent between rounds or between the baseline and TEG testing.
Baseline (no TEG/surrogate installed) testing for 25 cycles was conducted, followed by
25 TEG/surrogate cycles. After 25 rounds of baseline testing were recorded, the engine
head was removed and the TEG and surrogate material were installed. The engine was
then again operated for another 25 rounds for the TEG testing.

The engine speed, engine load, fuel supply pressure, and inlet coolant temperature were
controlled throughout the testing. The engine speed and load depended on the desired
mode point. The fuel pressure supplied to the engine fuel pump was set and maintained at
1.5 psig as suggested by the engine manufacturer. The inlet coolant temperature going into
the engine was set to 90°C (±2°C) because the factory coolant thermostat would typically
be fully open at this temperature. For all the experiments, the thermostat was blocked open
to reduce variability in coolant flow. Once the oil temperature stabilized while the engine
was operating at 3600 RPM and 40 Nm, three minutes of engine data was recorded at a
sampling frequency of 10 Hz. At approximately the one minute mark of data acquisition,
the combustion analyzer software was engaged to record three hundred engine cycles of
in-cylinder pressure and crankshaft location data. After the specific engine speed/load data
was successfully recorded, the engine speed and engine torque were changed to the next
desired setting and allowed to stabilize for no less than five minutes before the next data
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recording. The following analysis provides details on the impact of the TEG and surrogate
related to in-cylinder heat transfer, gross work output, exhaust energy, oil analysis, and
TEG conversion efficiency.

4.5

Fuel Energy Distribution

A flowchart of the fuel energy distribution can be seen in Figure 4.3. During the combustion

Figure 4.3: Fuel energy distribution flowchart

process, a portion of the chemical energy in the fuel is released as heat while the rest of the
chemical energy travels through the engine as unburned fuel. Although detrimental to brake
specific fuel consumption (BSFC), excess fuel can be beneficial to the lifespan of engine
components, such as pistons and exhaust valves, because the cooling effect of the fuel’s heat
of vaporization assists in keeping the engine components from overheating. The cumulative
heat release, the fuel chemical energy released as heat from 30 crank angle degrees before
top dead center firing to 90 crank angle degrees after top dead center firing, is distributed
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into three areas; gross indicated work, in-cylinder heat transfer, and exhaust gas energy.
The gross indicated work is the work delivered to the piston during the compression and
expansion strokes only, which is equal to the summation of the brake work (crankshaft
work) and total friction energy (pumping, rubbing friction, and accessory work). The
in-cylinder heat transfer includes the energy to the coolant and to miscellaneous locations
such as the block, head, and oil reservoir. The exhaust gas energy is the difference in energy
from the high temperature exhaust gas to the thermodynamic dead state of 25°C. All of the
fuel energy distributions are reported in this analysis as the energy per four-stroke engine
cycle (two revolutions of the crankshaft). The trend lines within the figures are separated
by engine loads. The baseline testing results (BL) and TEG testing results were plotted on
the same figure.

The total fuel energy per cycle was determined using Equation (4.4) (Nomenclature: ṁ f uel
= mass flow rate of fuel , LHV = lower heating value of the fuel, nR = number of crankshaft
revolutions per cycle, N = rotational speed of the crankshaft) while the cumulative heat
release was determined using the in-cylinder pressure data, crank angle encoder, and engine
displacement.

EnergyFuel,Total,Cycle

=

ṁ f uel ∗ LHV ∗ nR
N
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(4.4)

The combustion efficiency, which is the ratio of the cumulative heat release to the
total supplied fuel energy, is shown in Figure 4.4(a). This combustion efficiency only
appears low because the factory calibration of the engine was fuel-rich with lambda below
the stoichiometric equivalent of 1, which can be seen in Figure 4.4(b). The data for
the combustion efficiency and lambda is summarized in Table 4.1. The trend lines in
Figure 4.4(a) and Figure 4.4(b) show that as the engine operated closer to stoichiometric,
the overall combustion efficiency improved due to less fuel being wasted for engine
component cooling.

(a) Combustion Efficiency

(b) Lambda

Figure 4.4: Combustion efficiency and lambda for the baseline testing and
the resulting change after TEG installation

Table 4.1
Data summary of the combustion efficiency and lambda
Combustion efficiency (%)
20 Nm
40 Nm
Lambda
20 Nm
40 Nm

Low
67.1
59.6
Low
0.82
0.71

Baseline
High Average
80.1
74.6
66.4
62.8
High Average
0.91
0.87
0.78
0.76
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Change with TEG (%)
Low High Average
−1.7 1.4
−0.5
−0.9 0.6
0.1
Low High Average
−0.8 1.5
−0.2
−0.1 0.2
0.1

The combustion efficiency had a high correlation to lambda, seen in Figure 4.5(a), with
a 93.58% linear coefficient of determination. Figure 4.5(b) shows that the change in
lambda and change in combustion efficiency after the TEG addition had a 80.46% linear
coefficient of determination. This indicates that the installation of the TEG and surrogate
did not directly influence the combustion efficiency but rather the combustion efficiency
was influenced by the carburetor calibration. The changes in engine operation, which is
described in the next several sections, affected the how the carburetor interacted with the
change in the incoming air.

(a) Baseline data

(b) TEG addition

Figure 4.5: Relations between combustion efficiency and lambda

4.5.1

In-Cylinder Heat Transfer

The addition of the TEG and surrogate material on the outer cylinder walls directly
impacted the cylinder wall temperatures and the overall in-cylinder heat transfer. To
determine the temperature of the cylinder walls, the thermocouples within the cylinder
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walls from both cylinders were averaged together from their respective locations (3 mm
down from the cylinder head (Upper) and 15 mm down from the cylinder head (Lower)).
The cylinder wall temperatures for the baseline testing are shown in Figure 4.6(a) with
the TEG testing are shown in Figure 4.6(b) and the percent change in the cylinder
wall temperatures is shown in Figure 4.6(c). The data summary for the cylinder wall
temperatures are shown in Table 4.2. The trend lines during the TEG testing for the cylinder
wall temperatures do not follow the same trend as the baseline testing. This was due to the
additional thermal resistance from the TEG and TEG surrogate which was much larger than
the thermal resistance of the cylinder wall material (steel liner with cast aluminum walls).
Heat transfer would now require a larger difference from the cylinder walls through the
TEG to remain constant.
Table 4.2
Data summary of the Upper (3mm) and Lower (15mm) outer cylinder wall
temperature
Upper (°C)
20 Nm
40 Nm
Lower (°C)
20 Nm
40 Nm

Low
108.2
110.0
Low
109.8
112.0

Baseline
High
109.1
111.6
High
112.1
113.2

Avg.
108.5
110.6
Avg.
110.7
112.6

Low
131.6
144.3
Low
128.4
139.0

TEG
High
149.3
159.0
High
145.4
153.6

Avg.
140.1
151.4
Avg.
136.5
146.1

Change with TEG (%)
Low High
Avg.
21.6 36.8
29.1
29.3 44.0
36.9
Low High
Avg.
17.0 30.0
23.3
23.2 35.6
29.7

Additional thermocouples were installed to measure the coolant temperature leaving the
water-jacket as the coolant entered the cylinder head in an attempt to differentiate the
two in-cylinder heat transfers; from the cylinder walls and from the cylinder head. The
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(a) Baseline testing

(b) TEG testing

(c) Change of outer cylinder wall temperatures
due to TEG material

Figure 4.6:
temperatures

Upper (3mm) and lower (15mm) outer cylinder wall

temperature difference between the thermocouple measurements entering the cylinder head
and leaving the cylinder head were within the uncertainty of the thermocouples. Thus
the coolant system analysis could not effectively distinguish the two heat transfer paths.
This finding also indicated that the in-cylinder heat transfer to the cylinder head was not
primarily rejected into the coolant system but rather rejected into the combination of the
circulating engine oil within the cylinder head and from natural/forced convection to the
ambient air.
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The in-cylinder heat transfer to the coolant system was calculated using Equation (4.5).
(Nomenclature: Heatcool = coolant energy, V̇cool = volumetric flow rate of the coolant,
ρcool,95C = density of 50/50 mixture of water and ethylene glycol at an average temperature
of 95°C, cpcool,95C = specific heat of a 50/50 mixture of water and ethylene glycol at an
average temperature of 95°C, THead,Out = coolant temperature leaving cylinder head, TW J,In
= coolant temperature entering the water-jacket)

Heatcool

=

V̇cool ∗ ρcool,95C ∗ cpcool,95C ∗ (THead,Out − TW J,In ) ∗ nR
N

(4.5)

Figure 4.7 illustrates the energy removed by the coolant system for the baseline testing
and the resulting change after the TEG installation while the data summary is found in
Table 4.3. The trend of increasing energy removed by the coolant system as the engine
speed decreases is due to the fact that the high-temperature combustion gas has more time
for heat transfer within the combustion chamber [40].
Table 4.3
Data summary of the energy to coolant
Coolant system (J)
20 Nm
40 Nm

Low
229.7
252.1

Baseline
High Average
248.0
240.7
339.7
298.4

Change with TEG (%)
Low High Average
-9.5 -4.6
-6.8
-7.5 -4.3
-6.0

The smaller than expected drop in heat transfer to the coolant system was an interesting
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Figure 4.7: Heat transfer to the coolant system for the baseline testing and
the resulting change after TEG installation
finding. To further understand the heat path, the heat transfer through the TEG material
was calculated with Equation (4.6) (Nomenclature: Tlower = lower position cylinder wall
temperature, TT EG = cold-side temperature from TEG, Rsurrogate = thermal resistance of
TEG surrogate material, RJBWeld = thermal resistance of JB Weld).

HeatT hru,T EG

=

nR
Tlower − TT EG
∗
Rsurrogate + RJBWeld N

(4.6)

The heat transfer through the TEG material is shown in Figure 4.8 with the data summary
in Table 4.4. The result indicates that after the TEG was installed the in-cylinder heat
transfer was typically bypassing the direct route through the cylinder wall to the coolant
system. The engine block and head must have acted as a heat sink and helped to dissipate
the in-cylinder energy and allowed rest of the water-jacket surfaces to transfer the heat.
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Figure 4.8: Percentage of the heat energy within the coolant system that
was transferred through the TEG material
Table 4.4
Data summary of the percentage of the energy within the coolant system
that was transferred through the TEG material data summary
Coolant Energy Percent (%)
20 Nm
40 Nm

4.5.2

Low
23.5
23.3

Baseline
High Average
28.2
25.0
25.7
24.2

Gross Indicated Work

The gross indicated work was affected by the increase in cylinder wall temperatures and
the change in the laboratory test environment. The gross indicated work, Equation (4.7),
was determined by using the in-cylinder pressure data, crank angle encoder, and engine
geometry, while the brake work was determined by using the brake torque, measured by the
dynamometer strain gage, engine speed, measured by the dynamometer magnetic pick-up,
and engine displacement. Figure 4.9(a) shows the trends in gross indicated work and brake
work. Brake torque and engine speed were control parameters during testing, therefore
there was only minimal variation in brake work from the baseline to the TEG. The stable
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brake work and the decrease in gross indicated work for all engine modes means that the
mechanical efficiency, Equation (4.8), increased when the TEG was installed. The increase
in mechanical efficiency caused a decrease in the BSFC, as shown in Figure 4.9(b). The
data summary for the gross indicated work and BSFC is shown in Table 4.5.

WorkGross,Indicated

=

WorkBrake +WorkFriction,Total

(4.7)

η mechanical

=

WorkBrake
WorkGross,Indicated

(4.8)

(a) Gross indicated and brake work

(b) Brake specific fuel consumption

Figure 4.9: Gross indicated and brake work and BSFC for the baseline
testing and the resulting change after TEG installation

83

Table 4.5
Data summary of the gross indicated work, brake work, and brake specific
fuel consumption
Gross indicated work (J)
20 Nm
40 Nm
Brake work (J)
20 Nm
40 Nm
BSFC (g/(kW ∗ hr))
20 Nm
40 Nm
4.5.2.1

Low
315.5
569.5
Low
251.2
501.8
Low
382.3
346.1

Baseline
High Average
337.0
326.0
596.5
580.8
High Average
251.7
251.5
502.8
502.5
High Average
399.6
390.6
413.7
364.2

Change with TEG (%)
Low High Average
−0.9 −0.4
−0.6
−1.0 −0.6
−0.8
Low High Average
−0.1 0.1
0.0
−0.1 0.0
0.0
Low High Average
−2.9 −1.5
−2.3
−1.0 −0.6
−0.9

Remaining Friction Energy and Pumping Work

Since the brake work was held constant at each particular test point, the change in
gross indicated work after the TEG installation must be attributed to a change in total
friction energy, which encompasses the pumping work and the remaining friction energy
(rubbing friction and accessory energy). The baseline remaining friction energy and the
pumping work with the percent change due to the TEG can be found in Figure 4.10(a)
and Figure 4.10(b), respectively. The data summary for the remaining friction energy and
pumping work is shown in Table 4.6. The engine mode with 2400 RPM and 20 Nm was
the only mode had a slight increase in pumping work.

The remaining friction energy decreased for all engine modes which could have been
caused by a decrease in engine oil viscosity due to higher oil overall temperatures and
on the cylinder walls. The oil used during testing was Castrol GTX 10W-30, which had
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(a) Remaining friction energy

(b) Pumping work

Figure 4.10: Remaining friction energy and pumping work for the baseline
testing and the resulting change after TEG installation
Table 4.6
Data summary of the remaining friction energy and pumping work
Remaining friction energy (J)
20 Nm
40 Nm
Pumping work (J)
20 Nm
40 Nm

Low
40.1
43.5
Low
23.8
16.7

Baseline
High Average
50.3
45.0
54.5
50.5
High Average
35.5
29.6
40.7
27.8

Change with TEG (%)
Low High Average
−5.9 −2.5
−3.8
−10.3 −6.6
−7.7
Low High Average
−0.6
0.4
−0.1
−1.5 −1.2
−1.4

published viscosities of 70.05cSt at 40°C and 10.75cST at 100°C [72]. The oil analysis
for the baseline and TEG testing did not indicate any noteworthy oil degradation but
the baseline oil viscosity was measured to be 8.7% less than the TEG oil viscosity. A
possible cause of the lower baseline oil viscosity at the testing temperature of 100°C was
from a minor amount of fuel dilution (raw, unburned fuel in the oil) measured from the
baseline testing oil. Fuel dilution lowers the oil’s viscosity and flash point, which could
increase friction. The oil analysis report suggested that the cause of unburned fuel in the
oil could have been from excessive idling. Although the oil viscosity for the baseline
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testing was lower than the TEG testing when at the same temperature, the increased overall
oil temperature for the TEG testing resulted in nearly the identical overall oil viscosity.
The oil temperatures for the baseline testing and resulting change with the TEG, shown in
Figure 4.11(a). The increased oil temperature due to the TEG and surrogate installation
decreased the oil viscosity. The oil viscosity for the two tests, seen in Figure 4.11(b), was
created with the published viscosity data, the reported reduced viscosity results from the
baseline testing due to fuel dilution, and the basic equation linking viscosity (in centistokes
[cSt]) and temperature (in Kelvin), seen in Equation (4.9).

log(log(Viscosity + 0.7))

=

A − B ∗ log(Temperatureabsolute )

(4.9)

This increased cylinder wall temperatures for the TEG, shown in Figure 4.6(b), would have
decreased the local oil viscosity more than the baseline oil on the cylinder walls, which
could have caused the overall decrease in rubbing friction energy. The Stribeck diagram,
shown in Figure 4.11(c), shows that as oil viscosity decreases from the hydrodynamic
lubrication zone, the friction coefficient would decrease unless the viscosity become too
low and enters the mixed lubrication or boundary lubrication zones. It should be noted
that piston rings on the cylinder wall operate in the hydrodynamic lubrication zone at all
crank angles except at top dead center and bottom dead center where the piston slows to a
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stop before changing directions while the piston skirt stays in the hydrodynamic lubrication
zone at all crank angles. [40].

(a) Oil temperature for the baseline testing and the (b) Oil viscosity over a range of temperatures
resulting change after TEG installation
including 8.7% reduction in viscosity for BL oil
fuel dilution

(c) Stribeck diagram [73]

Figure 4.11: Oil to friction relations

Table 4.7
Data summary of the oil temperature
Oil (°C)
20 Nm
40 Nm

Baseline
Low High Avg.
105.2 116.2 111.0
114.5 119.9 117.3

Low
110.3
119.3

TEG
High
120.2
125.6

Avg.
115.2
122.5

Change with TEG (%)
Low High
Avg.
3.4
4.6
3.8
4.2
4.8
4.4

The changes in the pumping work were a result of the change in air density, throttle
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position, and mechanical efficiency during the baseline and TEG testing. The increase
in mechanical efficiency during the TEG testing means that the engine required less fuel
and air to produce the same desired brake work. To reduce the amount of fuel and air
consumed in a carbureted engine, the throttle would have had to close more, which would
have increased the pressure drop across the throttle, which that would have caused an
increase in the pumping work for the engine. The test results for pumping work, shown
in Figure 4.10(b), did not show an increase during the TEG testing as expected but rather
resulted in a drop in pumping work. This phenomenon was a due to the change in the
laboratory test environment between the baseline and TEG testing. The baseline and TEG
testing were performed weeks apart and the air density changed, shown in Figure 4.12(a).
The change in air density was due to changes in atmospheric pressure, relative humidity and
temperature. The reduced air density during the TEG testing would not had same potential
in flow pressure to draw out the fuel from the carburetor. This means that even though the
engine required less overall fuel to produce the same brake work, the throttle, shown in
Figure 4.12(b), had to open more to properly operate the carburetor. The data summary
for the air density and throttle position can be seen in Table 4.8. Because the throttle cable
was removed numerous times while the engine was being serviced, the data for the throttle
position and change in throttle position should only be used for overall trends.
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(a) Air density

(b) Throttle position

Figure 4.12: Air density and throttle position for the baseline testing and
the resulting change after TEG installation
Table 4.8
Data summary of the air density and throttle position
(kg/m3 )

Air density
20 Nm
40 Nm
Throttle position (%)
20 Nm
40 Nm

4.5.3

Low
1.15
1.16
Low
16.8
50.2

Baseline
High Average
1.16
1.16
1.16
1.16
High Average
37.8
26.9
84.1
64.6

Change with TEG (%)
Low High Average
−1.1 −0.6
−0.9
−0.8 −0.6
−0.7
Low High Average
−0.2 16.7
6.3
0.3
4.2
1.9

Exhaust Gas Energy

The exhaust gas energy was affected by the change in gross indicated work and the
in-cylinder heat transfer. The exhaust gas energy was determined using the average
thermocouple temperature measurements in the exhaust from both cylinders and the
mass flow rate of the exhaust gas. In order to compute the enthalpy of the exhaust
gas, an assumption was made for the exhaust gas composition comprised of 70% N2 ,
15% CO2 , and 15% H2 O by mole fraction (67.8% N2 , 22.8% CO2 , and 9.4% H2 O by
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mass fraction). This information was used to determine the change in enthalpy at the
average exhaust temperature and the thermodynamic dead state of 25°C with the use of
the software program Engineering Equation Solver, EES. Because the engine operates
rich of stoichiometric conditions, carbon monoxide (CO) would be significant in the
exhaust. However, the addition of CO was not used in the calculations because the
change in enthalpy for CO2 and CO where within a few percentage points of each other.
Therefore, the resulting energy analysis would not have been altered with varying levels
of CO that would have replaced CO2 . The exhaust gas energy, shown in Figure 4.13(a),
dropped because of the combination of the changes in exhaust gas temperatures, shown
in Figure 4.13(b), and a drop in exhaust gas mass flow rate due to increased mechanical
efficiency with the TEG and surrogate material. The data summary for the exhaust gas
energy and exhaust gas temperatures can be seen in Table 4.9.

(a) Exhaust gas energy

(b) Exhaust gas temperature

Figure 4.13: Exhaust gas energy and temperature for the baseline testing
and the resulting change after TEG installation

Combustion analysis helps to explain the changes in the exhaust gas temperatures.
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Table 4.9
Data summary of the exhaust gas energy and temperature
Exhaust gas energy (J)
20 Nm
40 Nm
Exhaust gas temp (°C)
20 Nm
40 Nm

Low
247.7
399.8
Low
625.2
599.9

Baseline
High Average
396.4
320.6
539.9
468.1
High Average
857.0
747.0
724.3
676.2

Change with TEG (%)
Low High Average
−5.9 −1.9
−4.1
−1.8 −0.8
−1.3
Low High Average
−2.2 0.1
−1.4
−0.8 −0.2
−0.4

Figure 4.14(a) shows the combustion duration from 10% and 90% of mass fraction burned.
The data summary of the combustion duration is shown in Table 4.10. The combustion
duration decreased for all test points during the TEG testing. This was caused by the
increased cylinder wall temperature. With a decreased combustion duration and a fix spark
timing, the combustion gas temperature and pressure increased earlier in the expansion
stroke. An example of this was observed in the in-cylinder pressure trace, shown in
Figure 4.15, during the engine speed of 3000 RPM and and engine load of 40 Nm.
Soon after the start of combustion the overall cylinder pressure increased which would
have also increased the combustion gas temperature. The combustion duration ended
earlier in the process leaving the increased combustion gas temperature more crank angles
for heat transfer before the exhaust valve opens. When this happened the in-cylinder
pressure during the TEG testing dropped below the in-cylinder pressure of the BL testing.
Which means the exhaust gas temperatures would have been lower due to the decreases
combustion duration. This was verified in Figure 4.14(b), which shows that the change in
the exhaust gas energy had a linear coefficient of determination of 85.18% to the change in
the burn duration.
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(a) Combustion duration

(b) Change in exhaust gas energy and change in
combustion duration correlation

Figure 4.14: Combustion duration for the baseline testing and the resulting
change after TEG installation and the relation to the change in exhaust gas
energy
Table 4.10
Data summary of the combustion duration
Combustion duration (deg)
20 Nm
40 Nm

Low
37.3
23.5

Baseline
High Average
50.0
43.6
36.0
29.0

Change with TEG (%)
Low High Average
−8.8 −5.1
−7.2
−4.6 −0.5
−1.6

Figure 4.15: Cylinder pressure trace and the total change after TEG
installation for engine speed of 3000 RPM and 40 Nm
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4.5.4

Miscellaneous Energy

The cumulative heat release that was not accounted for within the brake work, pumping
work, coolant system energy, and exhaust gas heat was considered as miscellaneous energy.
The miscellaneous energy included any in-cylinder heat transfer that did not get removed
by the coolant system and the total friction loss from the rubbing friction and accessory
energy. Examples include heat transfer to the cylinder head, engine block, and oil sump
reservoir. Figure 4.16 shows the miscellaneous energy and the data summary is shown in
Table 4.11. It was expected that the miscellaneous energy would increase with increased
engine speed and load because the coolant system would not have adequate time to properly
remove the heat. The change in miscellaneous energy is due to a reduction in exhaust gas
energy due to the decreased combustion duration. This increased miscellaneous energy can
also be seen by the increase in the oil sump temperature in Figure 4.11(a).

Figure 4.16: Miscellaneous power for the baseline testing and the resulting
change after TEG installation

93

Table 4.11
Miscellaneous energy and temperature data summary
Miscellaneous energy (J)
20 Nm
40 Nm

4.6

Low
36.7
54.4

Baseline
High Average
70.3
53.0
180.2
103.7

Change with TEG (%)
Low High Average
−0.9 16.9
9.0
2.9
31.2
16.4

TEG Energy Conversion

To maximize power production, each TEG was load matched with a 5.4 Ω electrical
resistor, which was installed in series with each TEG. Using the voltage reading across
the electrical resistors from the two TEGs, combined with the electric resistance, the TEG
power was calculated. The TEG power was then converted to energy over each engine
cycle (720 CAD). The TEG energy was scaled to simulate the complete coverage of both
outer cylinder walls with TEGs. This TEG energy was then compared to the amount
of cumulative heat release to determine the increase in fuel conversion efficiency. The
results can be seen in Figure 4.17(a). Using the lower cylinder wall temperatures behind
the surrogate material, the outer TEG temperature, and documentation from the TEG
manufacturer, the predicted total TEG energy output for this application was determined,
as shown in Figure 4.17(b). The data summary for both the experimental and predicted
TEG output is shown in Table 4.12.
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(a) From experimental TEG data

(b) From predicted TEG data

Figure 4.17: Scaled TEG energy output and fuel energy conversion
Table 4.12
Data summary of the TEG energy output and fuel energy conversion
TEG Experimental (J)
20 Nm
40 Nm
TEG Prediction (J)
20 Nm
40 Nm

4.6.1

TEG energy conversion
Low High Average
0.014 0.047
0.031
0.011 0.018
0.015
Low High Average
0.147 0.185
0.167
0.259 0.306
0.282

Fuel percentage (%)
Low
High Average
0.0015 0.0059 0.0036
0.0007 0.0014 0.0011
Low
High Average
0.017
0.021
0.019
0.017
0.023
0.020

TEG Malfunction

The low energy production of the TEG in the experimental testing compared to the
fully predicted was a cause for concern. Possible reasons for the energy production
discrepancy included; the TEG modules were installed not under compression, possible
coolant contamination, and possible temperature difference smaller than measured.

The TEG manufacturer recommends that the TEG be compressed between two heat sinks
with a pressure of 1.275 MPa (equates to a 1148 N force on the TEG), which was
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not possible during this testing because of space limitations in the water-jacket. An
independent test was done on a TEG under compression between two aluminum plates
with embedded thermocouples to study the effect of compression on TEG output. When
the hot side was subjected to a hot-plate the TEG produced voltages and power outputs
that compared favorably with the manufacturer’s documentation over similar temperature
ranges, as shown in Table 4.13. Another independent test was done with the TEG adhered
with JB Weld to one aluminum plate with the cold-side thermocouple attached to the TEG
with a minimum amount of JB Weld, as shown in Figure 4.18. This is representative of the
technique used during the TEG testing on the engine. Although the temperature conditions
during the TEG engine testing were not able to be reproduced with this origination, the
TEG (smaller delta temperature) produced voltages and power outputs comparable with
the manufacturer’s documentation. Table 4.13 documents the results of the compression
and non-compression tests. The conclusion from these independent compression tests were
that the output of the TEG is consistent with the manufacturers specifications and the no
compression case still produced consistent results.
Table 4.13
TEG voltage output validation with and without compression

Compression

No Compression

Hot-side
Temp [°C]
166
160
170
131

Cold-side
Temp [°C]
85
90
95
105

Measured
Voltage [V]
1.75
1.45
1.55
0.50

Predicted
Voltage [V]
1.75
1.50
1.59
0.4

Difference
[%]
0.0
3.4
2.6
−20.0

There was a possibility that the engine coolant was able to penetrate the TEG module
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Figure 4.18: TEG validation test without compression
and disrupt the operation. To test this, the TEGs were removed from the cylinder wall for
visual inspection. It was discovered that the cold-side of the TEGs were open to the internal
thermal electric modules, which can be seen in Figure 4.19. New TEGs were installed on

Figure 4.19: Location for coolant penetration into TEG

the cylinder walls which did not have the graphite foil removed from the cold-side of the
TEG. It was believed that the graphite foil would help seal the TEG from the coolant.
In addition, one thermocouple was installed directly behind the TEG on cylinder 2 to
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verify the hot-side temperature. The predicted hot-side temperature for this location was
previously obtained by using the data from the embedded thermocouples in the cylinder
walls which were located 90 degrees from the TEG. It was possible that the hot-side
cylinder wall temperature for the TEG was smaller than the temperature measurements
from the other cylinder wall location. This would have caused a smaller temperature
gradient and the TEG voltage and power output would have decreased. One full round
of testing was completed with the new TEGs and the new embedded thermocouple. One
of the TEGs failed before the engine was thermally stable for the first engine mode. With
the proper electrical load matching, the TEG voltage output for this test compared to the
predicted voltage output, as can be seen in Figure 4.20. The results show that the voltage
output remained low compared to the predicted values. Furthermore, the thermocouple
embedded in the cylinder wall behind the TEG measured temperatures 9.8% to 17.7%
lower than the cylinder wall temperature measured behind the surrogate during the same
test, shown in Figure 4.21(a). Considering that temperature discrepancy could suggest that
coolant once again entered the TEG and increased its thermal conductivity, one more full
round of engine testing was performed with the TEG replaced with the TEG surrogate
material. During this test the thermocouple embedded in the cylinder wall behind the
TEG measured temperatures only 0.3% to 3.1% below the lower cylinder wall temperature
behind the surrogate. These results indicate that coolant must have entered the TEGs
during testing, which would account for low energy production and that the cylinder wall
temperature at the TEG location does not significantly reduce compared to the cylinder
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wall measurements behind the surrogate. Therefore, a TEG with no coolant contamination
would be predicted to produce the energy shown in Figure 4.17(b).

Figure 4.20: TEG measured voltage compared to the predicted TEG
voltage

(a) TEG location with TEG

(b) TEG location with surrogate

Figure 4.21: Comparison of cylinder wall temperatures for cylinder 2 using
the TEG as a thermal insulator and using the TEG surrogate material as a
thermal insulator
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4.7

Conclusions

The research focused on the empirical trends in fuel energy distribution, cylinder wall
temperatures, and TEG power generation with the addition of the TEG / surrogate material
over a range of engine speeds and loads in a two cylinder, 19.4 kW , liquid-cooled,
spark-ignition engine.

The cylinder wall temperatures increased by 17% to 44% depending on the reduction of the
coolant heat transfer. The coolant heat transfer decreased by 4.3% to 9.5% depending on
the engine setting. The amount of heat transfer through the outer cylinder wall contributed
approximately 23.3% to 28.2%, indicating that a significant amount of heat transfer going
to the coolant does not come directly from the outer cylinder walls but from the engine
block. The gross indicated work decreased by 0.4% to 1.0% which was attributed to the
decrease in the remaining friction energy and pumping work. The remaining friction energy
decreased because the overall oil viscosity decreased due to the increased oil temperatures
on the cylinder walls. The decrease in pumping work was a result of the change in air
density during testing and not because of the TEG installation. The exhaust gas energy
decreased by 0.8% to 5.9% because of the decreased combustion duration which allowed
more time for in-cylinder heat transfer from the high temperature combustion gas. In
addition, fuel conversion efficiency increased, which reduced the fuel flow and thus reduced
the exhaust energy.
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The scaled output of the TEG was less than 0.1 J. The low energy production of the
TEG was due to coolant contamination. The predicted TEG energy output using a hot-side
and cold-side temperature measurement in the engine ranged from 0.1 J to 0.3 J. This
corresponds to less than 0.1% of the cumulative heat release.
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Chapter 5

Conclusions and Recommendations

5.1

Conclusions

This dissertation focused on the potential energy recovery, engineering challenges, and
the new advancements in automotive waste heat recovery methods. Chapter 2 defined
current automotive waste heat recovery techniques using Rankine cycles and thermoelectric
generators and outlined the engineering challenges with the technologies. Chapter 3
quantified the potential improvement in vehicle fuel economy with a combination of a
coolant and exhaust-based Rankine cycle which utilizes a recently patented piston in piston
engine technology. Chapter 4 investigated the impact of implementing thermoelectric
generators (TEG) on the outer cylinder walls of a liquid-cooled internal combustion engine.
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Automobile WHR systems have shown considerable potential to increase fuel economy.
The two main WHR systems for automotive applications were found to be thermoelectric
generators and Rankine cycle electrical generators.

The design considerations for

these systems include; backpressure, weight, thermal power fluctuations, cold reservoir
reliability, DC-DC converter loses, type of engine, coolant or exhaust energy streams,
expense, complexity, and size. Additional considerations for thermoelectric material,
longevity, and stress are needed for thermoelectric generators while working fluid selection,
component design, system pressure, and safety are needed for Rankine cycles.

The Rankine cycle research project had a hypothesis that there would be enough steam
generation that all six cylinders of the C-13 diesel engine could be equipped with a
secondary steam chamber and that fuel conversion efficiency would increase by 2.0%. The
simulation showed that a Class-8 diesel engine at full load could be implemented with this
WHR technology but the steam generation from the coolant and exhaust heat exchangers
was not substantial enough to operate all six cylinders. The Class-8 diesel engine running
at 1, 500 RPM at full load (1, 496 Nm) had a net increase of up to 26.7 kW with the addition
of this engine technology on two of the six cylinders, actuated twice per four-stroke engine
cycle. This increased power equated to an improvement in brake fuel conversion efficiency
from 34.4% up to a maximum of 37.5% (3.1% increase). The hypothesis of a 2% increase
in fuel conversion efficiency was shown to be possible depending on the design of the
exhaust heat exchanger. The analysis of the steam chamber throughout the engine cycles
showed that the water vapor condensed during certain portions of the cycle. The formation
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of liquid in the steam chamber has the potential to reduce the efficiency of the system and
to cause a mechanical failure if not properly removed from the cylinder (hydraulic lock).

The TEG research project had a hypotheses that the fuel conversion efficiency will improve
by 0.5% and that the majority of the displaced cylinder wall heat transfer will be expelled
through the exhaust system in a two cylinder, 19.4 kW , liquid-cooled, spark-ignition
engine. The research focused on the empirical trends in fuel energy distribution, cylinder
wall temperatures, and TEG power generation with the addition of the TEG / surrogate
material over a range of engine speeds and loads. The cylinder wall temperatures increased
by 17% to 44% depending on the reduction of the coolant heat transfer. The coolant heat
transfer decreased by 4% to 9% depending on the engine setting. The amount of heat
transfer through the outer cylinder wall contributed approximately 23%-28%, indicating
that a significant amount of heat transfer going to the coolant does not come directly from
the outer cylinder walls but from the engine block. The gross indicated work decreased
by 0.4% to 1.0% which was attributed to the decrease in the remaining friction energy and
pumping work. The remaining friction work decreased because the overall oil viscosity
decreased due to the increased oil temperatures on the cylinder walls. The decrease in
pumping work was a result of the change in air density during testing and not because of
the TEG installation. The exhaust gas energy decreased by 0% to 2.6%. The reduction of
exhaust gas energy with the reduction in coolant energy was not expected. The reduction in
exhaust gas energy was caused by the decreased combustion duration which allowed more
time for in-cylinder heat transfer from the combustion gas and the increase in mechanical
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efficiency. The miscellaneous energy changed by −0.9% to 31.2%. The scaled output of
the TEG was less than 0.1 J. The low energy production of the TEG was due to coolant
contamination. A surrogate material was used in place of the TEG and the predicted output
reached 0.3 J. This accounted for less than 0.1% of the cumulative heat release. Higher
TEG conversion efficiencies, combined with greater control of heat transfer paths, would
be needed in order to improve energy output and make this a viable waste heat recovery
technique.

5.2

Recommendations for Future Work

The experiments evaluated in this dissertation assisted in furthering the concept of
automotive waste heat recovery. As most research does, the results open new questions
that could be explored in the future. The following is a list of recommendations for future
work for both WHR techniques.

5.2.1

Rankine Cycle: Steam Assisted Engine

The issue of having water condensing within the steam chamber during expansion could
have unknown effects and cause damage to the system. The working fluid mixture did
evaporate in this simulation when the steam chamber approached the clearance height of
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0.5 mm (TDC). Wetting over a number of cycles could induce a collection of water droplets
in the steam chamber. This could cause a loss of efficiency or possible mechanical failure
which would warrant laboratory experiments to determine the severity of the issue.

The analysis of this WHR technique was done under steady-state conditions. Transient
situations would impose additional challenges. In particular, the cold-start regime would
require a steam by-pass valve, allowing the recovery system to warm up and produce the
required steam properties before being put into operation.

The design geometry and increased mass of the pistons with the steam chambers could
affect the performance, durability, and mechanical vibration of the engine. The magnitude
of any negative affects are unknown at this point.

The lift profile of the intake valve has a disconcertingly short crank angle duration and the
valve would come in contact with the piston without the piston being modified to have two
small pockets to encompass the inlet valve. The short crank angle duration causes increased
valve velocities and accelerations that may not be favorable to long valve life.

5.2.2

Thermoelectric Generators: Cylinder Walls

The design of using adhesive to join the TEG to the cylinder wall did not yield the expected
output energy. A redesigned cylinder wall profile and water-jacket would allow for a
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traditional TEG installation under recommended compression pressure.

The oil analysis did not signal any significant degradation with the increased cylinder walls
during the 42 hours of TEG testing. Endurance testing a range of oil weights could offer
more insight on optimal oil selection and possible long time usage issues.

Due to availability and resources, the proof-of-concept WHR technique was implemented
on a small SI engine. The original concept was envisioned on a Class 8 diesel engine. The
WHR potential under those conditions deserves consideration for future research.

Using the energy distribution trends found in this dissertation as a guide, a simulation based
research project would give insight on the impact on the engine with a variation in TEG
thermal resistances.
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Appendix A

Supplemental Information

This section within the appendix is to give supplemental information related to Chapter 4
in regards to engine specifications, laboratory test cell, transducer instrumentation, and
experimental results. The condensed nature of the journal article did not allow for detailed
explanation and justifications for the aforementioned criteria.

A.1

Engine Specifications

The engine that was used for this research was a 19.4kW, two-cylinder, liquid-cooled,
spark-ignition model. The engine was donated to Michigan Technological University from
the Kohler Company. The engine specifications can be found in Table A.1.
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Table A.1
Engine specifications for the Kohler LH690 horizontal-shaft, liquid-cooled
SI engine. NOTE: All listed dimensions and tolerances are measured at
20°C. [71]
Engine type

Spark ignition

Power

Maximum 19.4 kW (26 HP) @3600 RPM
Recommended 16.5 kW (22.1 HP)

Peak Torque

58.1 Nm (42.9 ftlb.) @2400 RPM

Bore

80 mm (3.15 in.)

Stroke

67 mm (2.64 in)

Displacement

674 cubic centimeters (41.1 cubic inches)

Compression Ratio

8.5 : 1

Dry Weight

51.7 kg (114 lb)

Oil Capacity

1.6 − 1.8 L (1.7 − 1.9 U.S. qt)

Coolant Capacity

2.0 L (2.18 U.S. qt)

Maximum Angle of Operation

20 degrees

Dimensions L x W x H

17.0 in x 18.1 in x 26.5 in

Two views of the unmodified stock engine is shown in Figure A.1(a) and Figure A.1(b).
In this configuration, the engine coolant circulates through the coolant system by a pump
that is belt-driven from the camshaft. The coolant flow separates after the pump into two
cooling circuits that remove heat energy from each of the two cylinder water-jackets. The
coolant exits the water-jacket around the cylinder through openings in the head gasket.
These openings lead to the engine head and out a passage within the intake manifold where
the two circuits merge. When the thermostat is open the coolant flows into the radiator
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and then back into the pump. The stock thermostat remains closed until the engine reaches
the temperature of 79.4°C and will be fully open at 90.5°C. The radiator is cooled with
ambient air by a cooling fan that is belt driven off the flywheel. [71]

(a) View one

(b) View two

Figure A.1: Kohler AEGIS LH690 Liquid-Cooled Horizontal Crankshaft
Engine [71]

A.2

Laboratory Test Cell

The laboratory test cell description is divided into three systems include the cooling system,
exhaust system, and mechanical system.
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A.2.1

Cooling System

The cooling system was designed to control the temperature of the coolant as it enters
the engine which allowed for repeatable results. This was accomplished by removing
the traditional air-to-liquid radiator and installing a custom liquid-to-liquid heat exchanger
system. The coolant system equipment is explained below with figure references that show
the installation locations.

Figure A.2: View 1 of the coolant system.

C1 (Figure A.2) The liquid-to-liquid cross flow heat exchanger was from ITT Industries,
Inc. It was a Standard Xchange Brazepak, brazed plate heat exchanger with a part
number of BP400-20.
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C2 (Figure A.2) The characterized control valve was from the company Belimo
Aircontrols (USA), Inc. and had a part number of B213+TFRB24-SR+NO. The
nomenclature for this characterized control valve states that this part number has
the following; Valve: 2-way, Valve Size: 1/2 inch npt, Trim Material: stainless
steel trim, Actuator Type: spring return, Power Supply: 24 VAC/DC, Control:
2 − 10 VDC, Spring Return: normally open. The flow coefficient (CV ), which is
a dimensionless parameter which relates geometrically similar pumps, was 4.7. The
equation for CV can be found in Equation (A.1). Q is the volumetric flow rate in
gallons per minutes, SG is the specific gravity and ∆Press is the pressure drop across
the valve in psi. [74]

CV

=

SG
Q∗ √
∆Press

(A.1)

C3 (Not shown) A proportional-integral-derivative (PID) controller was used to monitor
the coolant inlet temperature and regulate the characterized control valve to maintain
a setpoint coolant supply temperature. The PID temperature controller was purchased
from Omega Engineering, Inc. with a part number of CN77543. The nomenclature
for this part number states the following: CN77 series PID controller, Case Type:
NEMA 4 bezel for 1/16 DIN panel cutout 45mm x 45mm, Control Output #1:
non-isolated 1 to 10VDC or 0 − 20mA 500Ω max, Control Output #2 (Direct or
Reverse Acting): relay from "C" 5A 120VAC, 3A 240 VAC. The control output
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#1 was used to control the characterized control valve. One K-type thermocouple
(C4), which was used by the PID controller, was installed in the coolant loop directly
after the coolant heat exchanger. This arrangement allowed for a faster response to
a change in coolant temperature compared to a thermocouple location at the inlet of
the engine. The PID controller had a temperature set point one degree Celsius higher
than the desired temperature of the inlet coolant. This was done because there is
over 1m length of galvanized piping between the heat exchanger and the inlet to the
engine and this length is prone to heat transfer to the surrounding environment.
C4 (Figure A.2) K-type thermocouple to measure the coolant temperature after the
Standard Xchange Brazepak heat exchanger. This reading was utilized by the
PID temperature controller. All sixteen temperature measurements were performed
with ungrounded, sheathed K-type thermocouples. These thermocouples, purchased
from Omega.com, are denoted as having special limits which, “Meets or exceeds
special limits of error (SLE) and EN 60584 − 2: Tolerance Class 1”. These K-type
thermocouples have an uncertainty of 1.1°C or 0.4% (whichever value is greater).
The standard limits for K-Type thermocouples were not used because of the increased
uncertainty of 2.2°C or 2.0% (whichever value is greater).
C5 (Figure A.2) K-type thermocouple to measure the coolant as it leaves the engine going
to the Standard Xchange Brazepak heat exchanger.
C6 (Figure A.2) The mass flow rate of the coolant was measured and recorded with a hall
effect turbine-type flow meter designed to handle the expected coolant temperatures.
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This piece of equipment was purchased from Omega Engineering, Inc. and the model
number was FTB371. The fittings were 3/4 mNPT. The flow range was 1.9 to 39.4
liters per minute with an uncertainty of ±3%. The maximum operational temperature
is 85°C at 0.689 bar and the maximum pressure is 9.997 bar at 29.4°C. The calibrated
K-Factor of 869 Pulses/Liter was used during testing. [75]

C7 (Figure A.3) K-type thermocouple to measure the coolant as it leaves the water-jacket
and enters the cylinder head.

Figure A.3: View 2 of the coolant system

C8 (Figure A.3) K-type thermocouple to measure the coolant as it leaves the cylinder head
and enters the intake manifold. The two cylinder coolant flows converge in the intake
manifold and exit the engine to the plate heat exchanger.

C9 (Figure A.4) K-type thermocouple to measure the coolant as it enters the engine before
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the coolant pump and before the coolant flow splits to cylinder 1 and cylinder 2.

Figure A.4: View 3 of the coolant system

A.2.1.1

Cylinder Walls

The TEG used in this experiment was a stock Seebeck Thermoelectric Generator from the
company; Custom Thermoelectric based out of Bishopville, Maryland. The part number for
this Seebeck Thermoelectric Generator was 1261G-7L31-04CL. The performance output
for this TEG is shown in Figure A.5.

In order to install the TEG and measure the outer cylinder wall temperatures, some
machining of the aluminum was required. Figure A.6(a) shows the grooves that were
machined that allowed the 1/16 inch diameter thermocouple to be installed in the cylinder
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Figure A.5: TEG performance output in Watts over a range of hot and
cold-side temperatures [76]
walls. The two thermocouples that were installed on each cylinder were located 3mm
and 15mm from the top of the cylinder wall. The thermocouple located 15mm from the
top of the cylinder wall was to measure the outer cylinder wall temperature that coincides
with the middle of the 30mm tall TEG. This temperature measurement was used for the
heat transfer calculation for the "hot-side” wall temperature. The thermocouple located
3mm from the top of the cylinder wall was intended to measure the highest temperature
reading. This thermocouple measurement was used as a safety precaution to insure that the
TEG surrogate was not being subjected to cylinder wall temperatures above the maximum
temperature of 200°C. Figure A.6(b) shows the same cylinder wall location of Figure A.6(a)
but after the thermocouples were installed with JB Weld.

The thermocouples were recessed into the cylinder walls to help ensure the TEG surrogate
could evenly cover the cylinder walls at the location, as shown in Figure A.7(a). The
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(a) Location of thermocouples
cylinder wall (exhaust side)

within

(b) Thermocouples installed with JB Weld

Figure A.6: Cylinder #1 outer wall thermocouple installation
surrogate adhered to the cylinder wall with a thin layer ( 0.1 − 0.15mm) of JB Weld on
the cylinder wall. This technique was performed previously with another type of surrogate
material (which did not hold up to testing). The JB Weld was not able to be removed
without possible damage done to the cylinder walls, which means there was a previous
( 0.1 − 0.15 mm) layer of JB Weld. The TEGs were installed with only one layer of JB
Weld, shown in Figure A.7(b). One K-Type 1/16 inch diameter thermocouple was adhered
at the center location of the TEG. This temperature reading was used in the heat transfer
calculation for the "cold-side" coolant temperature.
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(a) TEG surrogate (light blue) installed

(b) TEG and TEG thermocouple installed
(close up)

Figure A.7: Cylinder #1 TEG and TEG surrogate installation

A.2.1.2

Cold-Junction Compensation

The Land-and-Sea dynamometer data acquisition (DAQ) system was used to measure and
record all thermocouple outputs. This DAQ system did not have electronic cold-junction
compensation (CJC). The K-type thermocouples plugged into a junction where there is a
transition to copper wires connected to the DAQ system. Since thermocouple junctions
are created when two dissimilar metals are connected, this arrangement creates two new
thermocouple junctions. The system can be calibrated if these junctions are kept at a
constant temperature, but that is not a realistic situation in a laboratory setting. Therefore,
the junctions between the copper wires and the K-type thermocouples were connected at
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Figure A.8: Terminal block of the K-type thermocouple to copper wire
connections. Bag is filled with a dielectric fluid.
terminal blocks, which were submerged in an ice water bath to maintain a constant junction
temperature. Figure A.8 shows that the terminal blocks were first placed in a plastic bag,
which was filled with a dielectric fluid (vegetable oil), then submerged in an ice bath.
This was done to isolate the electric current from the individual thermocouples. Once the
terminal block is allowed sufficient time (approximately 30 minutes) to acclimate to the ice
water temperature, the calibrated junctions provided repeatable temperature measurements.

130

Figure A.9: Exhaust system schematic

A.2.2

Exhaust System

E1 and E2 (Figure A.9) The exhaust gas temperature, 35mm downstream the exhaust
valve, was measured with two K-type thermocouples.

These temperature

measurements were used to determine the available useful energy that is expelled
from each cylinder into the exhaust system. (E1 location measures EGT1, E2
location measures EGT2)

E3 (Figure A.9) The electrochemical oxygen sensor with a product name of Powerdex
AFX Air-Fuel Monitor, was used to measure equivalent ratio. The actual sensor was
an NTK wide-band oxygen sensor. This transducer, which is shown in Figure A.9,
has the ability to determine the equivalent ratio from 0.62 to 1.10. It has an
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uncertainty of 0.1 AFR.

E4 (Figure A.9) Exhaust pressure measurement with a static pressure transducer capable
of measuring 0 − 30psia.

A.2.3

Mechanical System

The specification on the dynamometer is shown in Table A.2.

M1 (Figure A.3) The crank angle encoder that was from AVL and the part number of
AVL 356C. The maximum engine speed that the product can measure is 20, 000
RPM. The operational temperature range was −400 to 700°C for the electronics and
-400 to +1200°C for the mechanics and optics. The selectable output per revolution
was 3600, 1800, 720,... 36. [78]

M2 (Figure A.3) AVL In-Cylinder Pressure Transducer had a part number of AVL
GH13Z-24. The operating temperature range was −40 to 400 °C and had a pressure
range of 250 bar. The cyclic temperature drift was < ±0.5 bar. The natural frequency
was 115 kHz. The sensitivity was 16 pC/bar and the thermal sensitivity change was
≤ 2% at 20 to 400°C and ≤ ±0.5% at 20 to 400°C. [78]
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Table A.2
9" water brake dynamometer information [77]
Part #
430 − 341

Part
DYNOmite-Pro
DAQ

430 − 310

Auto Load Servo

425 − 280

28-channel Data
Harness

430 − 465

Weather
Module

430 − 137

Dyno Rotor RPM
Pick-up Kit

430 − 343

Toroid 7 & 900 P/U
Kit
900 Torque Arm
DYNO-MAX
2010 Software

709 − 011
801 − 200

Station

Description
Advanced, precision, 16-bit 28-channel capable
data-acquisition computer and power supply for
integration (via DYNO-MAX) into sophisticated
engine and chassis dynamometer systems (or
other custom applications). Internally samples
RPM (and optional full-bridge torque transducer)
at up to 1, 000Hz
Provides convenient one-hand for (throttle)
operation during dynamometer test sessions.
Input your sweep rate and holding RPM, give
it the throttle, and let the computer take over
loading the engine - automatically!
Allows the DYNOmite Pro 28-channel
data-acquisition computer to record EGT,
fuel-flow, pressures, etc.
and control other
advanced functions when used with appropriate
sensors, controls, and/or software upgrades.
For automatic entry of air temperature, barometric
pressure, and relative humidity atmospheric
conditions when the TEST button is pressed.
(Requires Full-Function Cable part #425 − 250
and current EPROM update).
These kits include a screw in pickup that
feeds a square-wave RPM signal into the
DYNOmite data-acquisition computer’s jackshaft
RPM channel. (fits 900 absorbers)

Standard-version
data-acquisition
software
for integrating a 64-bit (or 32-bit) Windows
7 (Vista, or XP)-equipped PC with the
DYNOmite computer.
Features: multiple
environments, graphing, dampening, etc.
(Does not include formula editor, overlaying,
report designer, import/export, and many other
advanced-configuration features.)
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A.3

Oil Analysis

Oil Analyzers, Inc. performed oil analysis on two oil samples. The engine was broken in
with new oil and a new oil filter for approximately 60 hours before any baseline testing
was performed. This was done to properly seat the piston rings on the inner cylinder walls,
which increases the stability of the engine performance and fuel conversion efficiency.
Both the baseline testing and the TEG testing were completed in approximately 42 hours
each with freshly changed oil and oil filter. The oil analysis focused on five categories;
wear metals, contaminant metals, multi-source metals, additive metals, contaminants, and
fluid properties. The wear metals included iron, chromium, nickel, aluminum, copper,
lead, tin, cadmium, silver, and vanadium. For both oil samples, all the wear metal reports
were rated to be at normal levels. It should be noted that the amount (ppm) of each wear
metal was reduced with the TEG testing and that could have been caused by the engine
still being broken in during baseline testing even though 60 hours of break-in time was
accumulated. The contaminant metals include silicon, sodium, and potassium. All were
within normal levels for both tests except for the potassium reading which went from 2
ppm for the baseline oil to 27 ppm for the TEG oil, which was flagged with 1 out of 4
for a severity issue. The potassium source was most likely from coolant. The engine was
required to be opened multiple times during the testing period and some coolant could have
introduced to the oil inadvertently. The multi-source metals include titanium, molybdenum,
antimony, manganese, lithium, and boron. All multi-source metals were within normal
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levels. The additive metals include magnesium, calcium, barium, phosphorous, and zinc
which were all within normal levels. The contaminants include fuel dilution, soot, and
water. While all levels were normal, a minor amount of fuel dilution was flagged with
a 1 out of 4 for a severity issue during the baseline testing. Fuel dilution is when raw,
unburned fuel ends up in the crankcase. This will lower the oil’s viscosity and flash point,
which can result in increased friction. The report suggested that the cause could have been
from excessive idling but if the piston rings were not fully seated at the beginning of the
baseline testing, small amounts of unburned fuel could have blown by the piston rings.
The fluid properties of the oil include viscosity at 40°C, viscosity at 100°C, acid number,
base number, oxidation, and nitration. All the fluid properties were within normal levels.
The viscosity at 100°C becomes interesting due to the previous levels of fuel dilution.
The baseline oil viscosity was 8.7% less than the TEG oil viscosity. It is important to
note that the oxidation number and nitration number did not change between the two tests.
The oxidation number measures the breakdown of the lubricant and nitration levels, which
would have indicated excessive blow-by from between the cylinder walls and compression
rings. One of the concerns of installing the TEG / TEG surrogates was that the increased
cylinder wall temperature could have distorted the cylinders. The consistent levels of
nitrogen indicate that cylinder wall distortion did not occur due to the lack of blow-by
constituents in the oil.

135

Figure A.10: Transducer locations

A.4

Test Variable Nomenclature / Data

A schematic of the transducers can be seen in Figure A.10. The nomenclature for the
variable names are explained below.

Mode The mode number of the experiment that coincides with the engine speed and engine
load, seen in Table A.3.
Hold Spd (Hold Speed) The desired engine speed of the testing mode.
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Table A.3
Engine testing mode numbers and the corresponding engine speed and load
Engine Speed (RPM)
3600
3000
2400
1800

Mode #
1
2
3
4

Engine Load (Nm)
40
40
40
40

Mode #
5
6
7
8

Engine Load (Nm)
20
20
20
20

Eng Spd (Engine Speed) The measured engine speed using the magnetic pick-up on the
dynamometer.
Throttle (%) The throttle position from 0 − 100%.
Hold Trq (N-m) (Hold Torque (Nm)) The desired engine load of the testing mode.
Tq Obs (ft-lb) (Torque Observed (ft-lb)) The measured engine torque from the
dynamometer strain gage.
Tq Obs (N-m) (Torque Observed (N-m)) The measured engine torque from the
dynamometer strain gage.
Pwr Obs (Hp) (Power Observed (Hp)) The measured engine power by the dynamometer.
Pwr Obs (kW) (Power Observed (kW)) The measured engine power by the dynamometer.
SAE-Fact (Factor) (SAE Factor) The correction factor used to adjust the torque and
power from the engine with a standard density of air. This is used for repeatability in
different ambient environments.
Trq Corr (ft-lb) (Torque Corrected (ft-lb)) The corrected engine torque from the observed
engine torque.
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Trq Corr (N-m) (Torque Corrected (N-m)) The corrected engine torque from the observed
engine torque.
Pwr Corr (Hp) (Power Corrected (Hp)) The corrected engine power from the observed
engine power.
Pwr Corr (kW) (Power Observed (kW)) The corrected engine power from the observed
engine power.
CarbIn (Degree C) (Carburetor In (Degree C)) The thermocouple temperature
measurement of the inlet air 150mm upstream of the carburetor.
P CarbIn (PSI) (Pressure Carburetor In (psi)) The static pressure measurement of the inlet
air 150mm upstream of the carburetor.
EGT1 (Degree C) (Exhaust Gas Temperature 1 (Degree C)] The exhaust gas temperature
of cylinder 1. The thermocouple was installed 35mm downstream of the exhaust
valve.
EGT2 (Degree C) (Exhaust Gas Temperature 2 (Degree C)] The exhaust gas temperature
of cylinder 2. The thermocouple was installed 35mm downstream of the exhaust
valve.
P Exh (PSI) (Pressure Exhaust (PSI)) The exhaust gas pressure measurement.
Col In G (Degree C) (Coolant In Global (Degree C)) The coolant temperature entering
the engine.
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Col Ot G (Degree C) (Coolant Out Global (Degree C)) The coolant temperature exiting
the engine.

Cl InHd1 (Degree C) (Coolant In Head 1 (Degree C)) The coolant temperature exiting
the water-jacket and entering the cylinder head in cylinder #1.

Cl InHd2 (Degree C) (Coolant In Head 2 (Degree C)) The coolant temperature exiting
the water-jacket and entering the cylinder head in cylinder #2.

Cl OtHd1 (Degree C) (Coolant Out Head 1 (Degree C)) The coolant temperature exiting
cylinder #1 head.

Cl OtHd2 (Degree C) (Coolant Out Head 2 (Degree C)) The coolant temperature exiting
cylinder #2 head.

Cyl 1 Hi (Degree C) (Cylinder 1 High (Degree C)) The exhaust-side cylinder wall
temperature measurement located 3mm down from the top of the cylinder.

Cyl 2 Hi (Degree C) (Cylinder 2 High (Degree C)) The exhaust-side cylinder wall
temperature measurement located 3mm down from the top of the cylinder.

Cyl 1 Lo (Degree C) (Cylinder 1 Low (Degree C)) The exhaust-side cylinder wall
temperature measurement located 15mm down from the top of the cylinder.

Cyl 2 Lo (Degree C) (Cylinder 2 Low (Degree C)) The exhaust-side cylinder wall
temperature measurement located 15mm down from the top of the cylinder.
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TEG 1 (Degree C) Thermocouple temperature measurement located at the center of the
30mm X 30mm TEG on cylinder 1.
TEG 2 (Degree C) Thermocouple temperature measurement located at the center of the
30mm X 30mm TEG on cylinder 2.
Oil (Degree C) The oil temperature measurement located after the oil pump and before
the oil filter.
P-Oil (PSI) (Pressure Oil (PSI)) The oil pressure measurement located after the oil pump
and before the oil filter.
TEG1vlt (Volts) (TEG 1 Volt (Volts)) The voltage output from TEG located on cylinder
#1.
TEG2vlt (Volts) (TEG 2 Volt (Volts)) The voltage output from TEG located on cylinder
#2.
P Fuel (PSI) (Pressure Fuel (PSI)) The absolute fuel pressure after the OEM fuel pump
and before the carburetor.
Fuel Flw (kg/h) (Fuel Flow (kg/h) The mass flow rate of the fuel measured by the fuel
cart.
BSFC (g/kWh) (Brake Specific Fuel Consumption (g/kWh)) Mass flow rate of fuel
divided by the uncorrected power output of the engine.
Lambda An electrochemical oxygen sensor was used to measure relative air/fuel ratio, λ .
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AFR (Air Fuel Ratio) Calculated within dynamometer software with λ and stoichiometric
properties of the fuel.

M Air (kg/h) (Mass Air (kg/h)) The mass flow rate of the incoming air which was
calculated using the fuel flow rate and air fuel ratio.

BMEP WHR (Bar) (Brake Mean Effective Pressure Waste Heat Recovery (Bar)) The
brake work per cycle divided by the engine displacement per cycle.

Ambient (Degree C) The ambient air temperature measured with the weather station. The
weather station was located 1 foot above the engine to determine the thermodynamic
properties of the incoming air. This data was used to calculate the SAE correction
factor.

Baro (mBar) (Barometric Pressure (mBar)) The barometric pressure measurement from
the weather station.

Humid (%) (Humidity (%)) The relative humidity measurement from the weather station.

P-Fuel-I (PSI) (Pressure Fuel Inlet (PSI)) The fuel pressure supplied from the fuel cart to
the engine fuel pump. Fuel pressure supply was set at 1.5psig.

SPEED (rpm) The engine speed measured by the AVL 365C shaft encoder.

IMEPH1 (bar) The gross indicated mean effective pressure for cylinder #1.

IMEPH2 (bar) The gross indicated mean effective pressure for cylinder #2.
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IMEPL1 (bar) The pumping indicated mean effective pressure for cylinder #1.
IMEPL2 (bar) The pumping indicated mean effective pressure for cylinder #2.
IMEP1 (bar) The net indicated mean effective pressure for cylinder #1.
IMEP2 (bar) The net indicated mean effective pressure for cylinder #2.
COVIMEP1 (%) The coefficient of variation in the 300 engine cycles of the indicated
mean effective pressure for cylinder #1.
COVIMEP2 (%) The coefficient of variation in the 300 engine cycles of the indicated
mean effective pressure for cylinder #2.
PMAX1 (bar) The maximum pressure for cylinder #1.
PMAX2 (bar) The maximum pressure for cylinder #2.
APMAX1 (deg) The crank angle degree of the maximum pressure for cylinder #1.
APMAX2 (deg) The crank angle degree of the maximum pressure for cylinder #2.
RMAX1 (bar/deg) The maximum rate of pressure rise for cylinder #1.
RMAX2 (bar/deg) The maximum rate of pressure rise for cylinder #2.
ARMAX1 (deg) The crank angle degree location of the maximum rate of pressure rise for
cylinder #1.
ARMAX2 (deg) The crank angle degree location of the maximum rate of pressure rise for
cylinder #2.
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MFB10-1 (deg) (Mass Fraction Burned 10% Cylinder #1) Crank angle location where
10% of the fuel’s cumulative heat is released in cylinder #1.

MFB10-2 (deg) (Mass Fraction Burned 10% Cylinder #2) Crank angle location where
10% of the fuel’s cumulative heat is released in cylinder #2.

MFB50-1 (deg) (Mass Fraction Burned 50% Cylinder #1) Crank angle location where
50% of the fuel’s cumulative heat is released in cylinder #1.

MFB50-2 (deg) (Mass Fraction Burned 50% Cylinder #2) Crank angle location where
50% of the fuel’s cumulative heat is released in cylinder #2.

MFB90-1 (deg) (Mass Fraction Burned 90% Cylinder #1) Crank angle location where
90% of the fuel’s cumulative heat is released in cylinder #1.

MFB90-2 (deg) (Mass Fraction Burned 90% Cylinder #2) Crank angle location where
90% of the fuel’s cumulative heat is released in cylinder #2.

D10 − 90-1 (deg) (Difference 10% − 90% Cylinder #1) Total crank angle degrees between
10% mass fraction burned and 90% mass fraction burned for cylinder #1.

D10 − 90-2 (deg) (Difference 10% − 90% Cylinder #2) Total crank angle degrees between
10% mass fraction burned and 90% mass fraction burned for cylinder #2.
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A.4.1

Raw Data Statistics

The following sixteen pages include the statistical data from all the outputs (calibrated
transducer data and software calculations) for both the baseline and TEG testing.
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Appendix B

Copyrights

Each of the figures and articles within this document are cataloged with the letters of
permission (if required) for copyright purposes.

B.1

Copyright Not Required

The list of items that did not require copyright permissions can be seen in Table B.1.
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Table B.1
List of figures and that do not require copyright permission
Reference
Figure 1.1
Figure 1.2(a)

Citation
[1, 2, 3,
4, 5, 6]
[1]

Figure 1.2(b)

[1]

Chapter
article

2

Figure 4.11(c)

journal

[24]

[73]

Reason for no permission required
Figure created from data published by the
USA federal government.
This is public domain because it was
created and published by the USA federal
government.
This is public domain because it was
created and published by the USA federal
government.
Copyright transfer agreement signed by the
authors provides the permission to reprint the
material. Please refer to page 163 for a copy
of the copyright transfer agreement.
See page 169 for documentation that this
material is in the public domain.
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Copyright transfer agreement retains authors rights for reproduction of full journal
article: [24]
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164

165

166

167

168

Open access documentation for Figure 4.11(c): [73]
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B.2

Copyright Permission

The list of items that required copyright permissions can be seen in Table B.1.
Table B.2
List of figures and that require copyright permission
Figure #
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5,2.6
Figure 2.7, 2.8 2.9
Figure 2.10
Figure 2.12
Figure 2.13, 2.14, 2.15, 2.16
Figure 2.17, 2.18, 2.19, 2.20, 2.21
Figure 2.22, 2.23
Figure 2.24
Figure 2.25
Figure 2.26
Figure 4.1
Figure A.1(a), A.1(b)
Figure A.5

Citation
[25]
[20]
[31]
[32]
[30]
[25]
[31]
[27]
[28]
[41]
[29]
[48]
[49]
[50]
[57]
[71]
[76]
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Please refer to permission letter on page
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192
192
188
192
192
192
190
174
176
179
192
192
184
176
195
198

Copyright permission for Figures 2.13 2.14 2.15 2.16 [28]

174

175

Copyright permission for Figures 2.17 2.18 2.19 2.20 2.21: [41]

176

177

178

Copyright permission for Figures 2.22 2.23: [29]

179

180

181

182

183

Copyright permission for Figure 2.26: [50]

184

185

186

187

Copyright permission for Figure 2.4: [32]

188

189

Copyright permission for Figure 2.12: [27]

190

191

Copyright permission for Figure 2.24: [48],

Figures 2.1 2.7 2.8 2.9: [25],

Figures 2.3 2.10: [31], Figure 2.2: [20], Figures 2.5 2.6: [30], Figure 2.25: [49]

192

193

194

Copyright permission for Figure A.1(a) A.1(b): [71]

195

196

197

Copyright permission for Figure A.5: [76]
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